





Stratigraphy and Petrology
of the Permian Rocks of

Southwestern Montana

By EARLE R. CRESSMAN and ROGER W. SWANSON

GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

GEOLOGICAL SURVEY PROFESSIONAL PAPER 313-C

Prepared on ée/za/f of the
U.S. Aromic Energy Commission

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1964



UNITED STATES DEPARTMENT OF THE INTERIOR

STEWART L. UDALL, Secretary

GEOLOGICAL SURVEY

Thomas B. Nolan, Director

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C. 20402



CONTENTS

Page
Abstract_________ o ______ 275
Introduetion. ______________________________________ 276
Purpose of investigation. ________________________ 276
Personnel and acknowledgments__________________ 276
Geography___ _ . ___. 276
Geologic setting_ _______________________________ 277
Methods of study._._ - __ . ______________________ 278
Field procedures._ .. __ . ________________.___ 278
Laboratory procedures_ _ _ ___________________ 279
Treatment of channel samples____________ 279
Chemiecal analyses_ _ ... ________________ 279
PoOs o __ 279
Acid insoluble. _____________________ 280
Uranium.______.____________________ 280
Carbonaceous matter________________ 280
Spectrographic analyses_____________ 280
Other analyses_ - - _.________________ 280
Petrographic methods_ . _____________________ 280
Examination of hand specimens__________ 280
Thin seetions___________________________ 280
Size analyses___________________________ 281
Heavy-mineral separation______._________ 281
XY e 281
Terminology _ _ __ ___ . ___ 282
Explanation of illustrations_ _____________________ 282
Stratigraphy and petrography________________________ 284
Stratigraphic nomenelature__ - ___________________ 284
History of nomeneclature_____________________ 284
Current nomenelature_______________________ 285
Park City Formation____________________________ 286
General character and distribution____________ 286
Lithology__ .. ___ o ______.___ 289
Carbonate roek____.____________________ 289
Sandstone. _ _ _ . ________________________ 292
Mudstone______________________________ 294
Chert_ _ o __ 296
Stratigraphy _ _ _____________ . ______ 296
Grandeur Member__ . ___________________ 296
Franson Member_ ______________________ 300
Phosphoria Formation___________________________ 303
General character and distribution_ ___________ 303
Lithology.__ ... 305
Frequency of roek types_ ________________ 305
Occurrence of carbonaceous matter in the
Retort Phosphatic Shale Member_______ 305
Phosphorite____________________________ 307
Mudstone______________________________ 313
Carbonate roek_________________________ 315
Chert_ . _____ o _____ 315
Minor rock types____ ___________________ 317
Trace elements_________________________ 318
Contact metamorphism__________________ 319

Stratigraphy and petrography—Continued

Phosphoria Formation—Continued
Stratigrapby _ - - ____
Meade Peak Phosphatic Shale Member____
Lower phosphorite__________________
Rex Chert Member_ ____________________
Retort Phosphatic Shale Member_________
Tosi Chert Member._____________________
Cherty shale member____________________
Localization of exploitable phosphate deposits__
Shedhorn Sandstone_______ . ______.______
General character and distribution____________
Lithology - - - - o oo
Sandstone._ _ _ _ . ______

Dolomite_ _ .
Stratigraphy - - - o
Lower member_ __________________.______

Upper member. - _ .

Age of Permian rocks in southwestern Montana____
Relation of Permian strata to overlying beds.______
Facies relations_ . eoo-o
Genetic interpretations_ _____ L oeaao.
Origin of the rock types_ _ oo .
Well-sorted sandstone_______________________
Lithologic character of source__ . _______.__
Location of source_ _ - __..__
Environment of deposition_______________
Significance of glauconite__._________.___

Silty sandstone and tan and red mudstone_____
Lithologic character of source____________
Location of source_ . _ ...

Source of siliea_ - - __.
Environment of deposition_______________
Diagenesis_ _ -
Dark mudstone___ . _ e o_-_
Source of detritus_____ . _______._
Source of carbonaceous matter___ . _______
Rate of production of carbonaceous matter_
Environment of deposition_______.________
Phosphatic mudstone__________ . ___.___
Solubility of apatite . _________.__._____
Source of phosphorus____________._.____.__
Manner of deposition_ _ _ ________________
Origin of pellets _ _ - - ______
Bimodal frequency distribution of mud-

Phosphorite_ _ - .-
Carbonate rock ________________._.__ = S
Park City Formation__________ . ____.__

Page
320
320
323
325
329
336
336
338
338
338
339
339
347
347
347
347
350
354
354
355
357
359
359
359
361
364
367
367
367
367
367
369
369
371
371
373
373
373
373
374
374
374
374
374
375

376
376
377
378
378



v CONTENTS
Genetic interpretations—Continued Genetic interpretations—Continued Page
Origin of the rock types—Continued Summary of Permian events in southwestern
Carbonate rock—Continued Page Montana._ - - _____ . __ 381
Phosphoria formation__ _________________ 378 | Stratigraphic sections__ __ ___________________________ 383
Paleogeography. .. __ o _____.___ 378 Introduetion_ _ ___ __ ___________ o ___.____ 383
Tectonism _ . ______________ o ___________ 380 | References cited._ - ____________________________. 562
Transgression and regression_ _ ______._____________ 380 | Imdex_ _ _ . 567
ILLUSTRATIONS
[Plates are in separate volume]
PraTe 14. Index map of southwestern Montana.
15. Map showing outcrops of Permian rocks in southwestern Montana and localities sampled for Phosphate.
16-24. Stratigraphic sections showing relations of the:
16. Grandeur member of the Park City Formation from Hawley Creek, Idaho, to Indian Creek, Mont.
17. Grandeur Member of the Park City Formation from Crooked Creek to Big Hole Canyon, Mont.
18. Phosphoria and Shedhorn Formations and the Franson Tongue of the Park City Formation from
Sheep Creek to Reas Peak, Mont.
19. Phosphoria, Shedhorn, and Park City Formations from Kelly Gulch to the Sixteen Mile Creek area,
Mont.
20. Phosphoria and Shedhorn Formations and the Franson Member of the Park City Formation from
Little Sheep Creek to the Melrose area, Mont.
21. Phosphoria and Shedhorn Formations and the Franson Member of the Park City Formation from
Hawley Creek, Idaho, to Cinnabar Mountain, Mont.
22. Phosphoria, Shedhorn, and Park City Formations from North Boulder Creek, Mont. to Quadrant
Mountain, Wyo.
23. Retort Phosphatic Shale Member of the Phosphoria Formation from Big Sheep Canyon to West
Fo.k of Madison River, Mont.
24. Stratigraphic relations of the Retort Phosphatic Shale Member of the Phosphoria Formation from
Crooked Creek to La Marche Guleh, Mont.
25. Maps showing Paleography in Southwestern Montana.
Page
Fiaure 87. Bulldozer trench at Sheep Creek. ___ e 278
88. Retort Phosphatic Shale Member of the Phosphoria Formation exposed in bulldozer trench at Greenstone
Guleh. e 278
89-90. Graphs comparing:
89. Original and rerun uranium analyses of 22 samples of phosphorite collected in 1949_______________ 281
90. Sieve and thin-section size analyses._ .- ______ 282
91. Diagram showing relation of class areas and D values to composition in a three-component system_______ 283
92. Isopach map of Permian rocks in southwestern Montana _ _ _____________________________..__.______.. 284
93. Chart showing nomenclature of the Phosphoria, Park City, and Shedhorn Formations__________________ 286
94-95. Maps showing:
94. Lithologic character of the Permian rocks in southwestern Montana_ . __________________________ 287
95. Constitution of the Permian of southwestern Montana by formations___________________________ 288
96. Isopach map of the Park City Formation__ __ ______ o ... 289
97. Map showing lithologic character of the Park City Formation_______________________________________ 290
98. Graph indicating thickness of bedding of dolomite in the Grandeur Member of the Park City Formation_____ 291
99. Cumulative size distribution curves for six mudstones from the Grandeur Member of the Park City Forma-
blom . e e 295
100. Isopach map of the Grandeur Member of the Park City Formation__________________________________ 298
101. Map showing lithologic character of the Grandeur Member of the Park City Formation_ _______________ 299
102. Isopach map of the Franson Member of the Park City Formation___________________________________ 301
103. Map showing lithologic character of the Franson Member of the Park City Formation__.______________ 302
104. Isopach map of the Phosphoria Formation___ ____ ____ . o _____ 304
105-106. Diagrams showing:

105. Mineral composition of rock types in the Retort Phosphatic Shale Member of the Phosphoria
Formation. _ _ ___ . 306

106. Relation of content of carbonaceous matter vo rock composition in the Retort Phosphatic Shale
Member of the Phosphoria Formation_ __ ___ _______ . 307



Ficure 107-109.

110.
111.

112.
113-114.

115.
116.

117.
118-119.

120.
121.

122.
123-126.

127.
128.
129.
130.
131-132.
133.
134.
135.

136.
137-138.

139-140.

141.

142-148.

CONTENTS v

Graphs showing: Page
107. Frequency distribution of carbonaceous matter in the Retort Phosphatic Shale Member of the
Phosphoria Formation_ _ ____ _ e 308
108. Frequency distribution of value (darkness) for phosphorite of the Retort Phosphatic Shale Member
of the Phosphoria Formation_ _ _ __ __ __ _ e eee 308
109. Effect of weathering on value (darkness) of phosphorite.__ .. ___________.___ 309
Photomicrograph of cherty phosphorite containing abundant foraminiferal tests as nuclei of pellets_______ 309
Diagram showing relative abundance of the three principal types of apatite grains in thin sections of phos-
phorite from the Phosphoria Formation _ _ _ _ ____ ____ __ oo 310
Photomicrographs of phosphorites._ _ _ __ e ememmm 311
Graphs illustrating;:
113. Size distribution of pellets in a muddy pelletal phosphorite____ __ . ______________.___ 312
114. Value (darkness) of mudstone of the Retort Phosphatic Shale Member of the Phosphoria Forma-

21710 o S S 314
Photomicrographs of chert from the Tosi Chert Member of the Phosphoria Formation_________________ 318
Very sandy phosphorite from top of phosphatic sandstone bed underlying 4-foot andesite(?) porphyry sill

at Jack Canyon, Madison Range_ _ __ ___ e 321
Isopach map of the Meade Peak Phosphatic Shale Member of the Phosphoria Formation__._____________ 322

Maps showing:
118. Lithologic character of the Meade Peak Phosphatic Shale Member of the Phosphoria Formation__ 324
119. Thickness of beds of carbonate rock in the Meade Peak Phosphatic Shale Member of the Phosphoria

FOrmation _ _ _ _ o e 325
Isopach map of the basal phosphorite bed of the Meade Peak Phosphatic Shale Member of the Phosphoria
Formation _ _ _ e 326
Map showing character of apatite grains in the lower phosphorite of the Meade Peak Phosphatic Shale
Member of the Phosphoria Formation_ _____ ______ ___ o _____ 327
Isopach map of the Rex Chert Member of the Phosphoria Formation________________________________ 328

Maps showing:
123. Thickness and P;0; content of the Retort Phosphatic Shale Member of the Phosphoria Forma-

BIOM . e 330
124. Lithologic character of the Retort Phosphatic Shale Member of the Phosphoria Formation_______ 331
125. Percent carbonate rock in the Retort Phosphatic Shale Member of the Phosphoria Formation____ 332
126. Content of carbonaceous matter in the Retort Phosphatic Shale Member of the Phosphoria Forma-
BIOM e 333
Diagram showing mineral composition of rocks in three facies of the Retort Phosphatic Shale Member of
the ‘Phosphoria Formation _ _ _ _ e 334
Isopach map of the Tosi Chert Member of the Phosphoria Formation.________________________________ 337
Type locality of Shedhorn Sandstone_ _ _ _ _ _ o e 339
Isopach map of the Shedhorn Sandstone___ - _ e 340
Graphs showing:
131. Summary of size distribution data of Permian sandstone_____________ . ______________________ 341
132. Relation between coefficient of sorting (So) and phi median diameter (Mde)____________________ 342
Photomicrograph of sandstone from the base of the upper member of the Shedhorn Sansdtone at Sheep
Cree K o e 343
Graph comparing size distributions of zircon and tourmaline with that of total sample__________________ 343
Graph showing composition by weight of heavy accessory minerals in bed Us-124, lot 1234______________ 344
Diagram showing relative abundance of tourmaline color varieties. .- - _________________________ 345
Graphs showing:
137. Tourmaline of Shedhorn Sandstone classified by roundness and type of inclusions___________.___ 346
138. Color of Shedhorn Sandstone _ _ _ __ oo 348
Isopach maps of the:
139. Lower member of the Shedhorn Sandstone. _ _ .. _ .. 349
140. Upper member of the Shedhorn Sandstone_ _ _ _ _ oo 350
Columnar concretions of sandstone, cherty sandstone, and sandy chert from Permian rocks in Madison and
Gallatin Ranges, Montana__ _____ e 352
Maps showing distribution of facies in:
142. Late Grandeur time_ _ ___ __ e 356
143. Rex time. el 358
144. Franson time_ __ e e e 359
145. Middle Franson time _ _ _ e 360
146. End of Franson time_ _ _ __ _ __ e 361
147. Early Tosi time_ . _ __ e e 361

148. Late Tosi time._ e 363



VI CONTENTS

Page

F1GURE 149. Diagram showing relation between phi median diameter (Md¢) and sorting (¢¢) and skewness (a¢) in
Permian sandstone . _ _ __ e 365

150-152. Graphs showing:

150. Size distribution curves of selected samples of Permian sandstone_____________________________ 366
151. Change in character of size-distribution by removal of eoarse fraction._._______________________ 366

152. Size distribution curves of sandstone and mudstone samples of the Grandeur Member of the Park
City Formation__ __ _ e [ 368
153. Isopach map of combined Rex and Tosi Chert Members of the Phosphoria Formation__________________ 370
154. Map showing thickness of apatite in the Retort Phosphatic Shale Member of the Phosphoria Formation___. 376
155. Diagram showing vertical movements of Permian tectonic elements.________________ . ________________ 381

156. Isopach map of strata between the base of the Meade Peak Phosphatic Shale Member of the Phosphoria
Formation and the base of the Dinwoody Formation. _________________________________________ 382

TABLES

Page
TaBre 1. Climatic summary for southwestern Montana____ _ e 277

2. Size parameters of sandstone from Shedhorn, Park City, Quadrant, and Phosphoria Formations of southwestern
Montana. - - . e 293



GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

STRATIGRAPHY AND PETROLOGY OF THE PERMIAN ROCKS
OF SOUTHWESTERN MONTANA

By Earie R. Cressman and Roeer W. SwaNsoN

ABSTRACT

The Permian rocks of southwestern Montana were studied as
part of a broad investigation of the western phosphate field.
In the southwestern part of the area studied, the Permian rocks
are 600-850 feet thick and, from base to top, consist of successive
layers of dolomite, phosphatic shale, chert, dolomite, phosphatic
shale, and chert. The layers thin northeastward, the upper two
extending the farthest. The chert and dolomite layers inter-
tongue with sandstone to the northeast, and the chert layers
in part grade ingo mudstone to the west. The phosphatic shale
and chert layers are assigned to the Phosphoria Formation ; the
dolomite layers, to the Park City Formation ; and the sandstone,
to the Shedhorn Sandstone. Regionally, the three formations
intertongue.

The Park City Formation is composed mostly of dolomite,
but it includes some sandstone, mudstone, chert, and limestone.
The dolomite is of three textural types: (1) aphanitic, com-
posed of silt-size dolomite anhedra; (2) skeletal, composed of
dolomitized bryozoan and brachiopod fragments; and (8) granu-
lar, composed of sand-size dolomite aggregates. The aphanitic
variety is the most common. The sandstone consists of fine- and
very fine grained quartz sand containing a few percent of chert
and feldspar grains and is cemented by dolomite or calecite. It
consists of two textural types: (1) well-sorted (So about 1.26)
fine-grained sandstone, and (2) less well sorted (So=1.40-1.70)
fine- and very fine grained silty sandstone. The silty sandstone
grades into tan dolomitic mudstone. Chert nodules and lenses
are common in the dolomite, and at least some were formed by
replacement.

Rocks of the phosphatic shale members of the Phosphoria
Formation consist of (1) carbonate finuorapatite in apparently
isotropic or microcrystalline pellets, oolites, skeletal fragments,
and nodules, (2) calcite and dolomite, (3) clay minerals and
detrital quartz, and (4) carbonaceous matter. Clay minerals
and quartz silt are mixed with carbonate fluorapatite in all
proportions, but weakly phosphatic mudstone, highly phosphatic
mudstone, and relatively pure phosphorite are more common
than intermediate mixtures. The carbonate rocks in the shale
members are relatively pure, and mixtures of carbonates with
significant amounts of the other constituents are not common.
Carbonaceous matter makes up nearly 25 percent of some beds,
but less than half the beds contain more than 4 percent; it is
most abundant in the mudstone and phosphatic mudstone and
least abundant in carbonate rock and phosphorite.

Phosphorites are divided into those that show evidence of
current action and those that do not on the basis of the pres-
ence or absence of a matrix and the shape, orientation, and type
of apatite grain.

The bedded chert in the Rex and Tosi Members of the Phos-
phoria Formation is composed of microcrystalline quartz and
chalcedony mixed with clay and detrital quartz. Siliceous
sponge spicules from the class Demospongia form 'a half to two
thirds of the nondetrital silica. Spicule canals are generally
enlarged and filled with apatite, glauconite, or chalcedony.

The Shedhorn Standstone is composed mostly of very well
sorted (80==1,09-1.24) fine- and very fine grained quartz sand-
stone cemented with chert, quartz overgrowths, or carbonate.
The detrital fraction contains about 10 percent of chert grains
and 4-8 percent of apatite pellets and skeletal fragments.
Glauconite is common near the western margin of the forma-
tion. The nonopaque accessory detrital minerals consist mostly
of zircon but include considerable amounts of tourmaline and
rutile and minor amounts of garnet and apatite. The tourmaline
includes several shape and color varieties and both igneous and
metamorphic types.

Priileipal facies changes within the Permian rocks are (1)
sandstone to mudstone to dolomite, (2) sandstone to chert, (3)
sandstone to chert to mudstone, (4) sandstone to dolomite, (5)
sandstone to chert to dolomite, (6) chert and skeletal-oolitic
phosphorite to pelletal phosphorite and mudstone to mudstone,
and (7) mudstone to interbedded pelletal phosphorite and mud-
stone to pelletal-nodular phosphorite and mudstone.

The immediate source of the Permian sandstone was a sedi-
mentary terrane, as is indicated by the presence of only the most
stable accessory minerals, the large number of tourmaline vari-
eties, and the degree of rounding of the accessory minerals.
The gross distribution of the sandstone indicates one source in
central Montana and another northwest of the area, perhaps
near the southern end of the Bitterroot Range. The well-sorted
sandstone was deposited on a wide shallow shelf at depths of
less than about 30 meters. The sand was reworked by waves and
benthonic organisms. The silty sandstone and the tan mudstone
accumulated in deeper water.

Chert was deposited as a spicule ooze, mostly at depths of
less than 50 meters. The apparently inorganic silica was pre-
cipitated from interstital water but was derived probably from
solution of siliceous tests within the sediment. Calculations in-
dicate that organisms could have extracted sufficient silica from
normal sea water to have formed the chert, and volcanism there-
fore, need not be considered as a source.

Dark mudstone of the phosphatic shale members of the Phos-
phoria was deposited below wave base in water containing little
or no oxygen. The source of the carbonaceous matter was
marine plankton. The surface water was well oxygenated, and
surface circulation could not have been restricted; the bottom
circulation need not have been restricted but may have been.
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The source of phosphorus in the phosphatic mudstone and
pelletal phosphorite was sea water, but it is not known whether
the phosphate was extracted from sea water'by plankton or
precipitated by inorganic processes. The current-washed oolitic
apatite, however, was formed by inorganic precipitation around
nuclei that were generally phosphatic; precipitation resulted
from the increase in pH and the consequent decrease in apatite
solubility when water of high P.Os content moved upward into
the zone of photosynthesis.

The facies distribution and thickness relations suggest that
the main geographic elements in southwestern Montana during
Permijan time were a postive area in central and north-central
Montana, an intermittently positive area to the west that was
probably insular and perhaps in the southern Bitterroot Range,
and a depositional basin that lay between the positive areas.
Two cycles of transgression and regression produced the alter-
nating sequence of rock types. When the western positive area
was submerged, cold marine currents of relatively low salinity
flowed southward through the area ; either chert or phosphorite
was deposited, depending partly on the depth of water in the
depositional basin. When the western positive area was suffi-
ciently high to divert the southward-flowing marine current,
water in the depositional basin became warmer and more saline,
and carbonates were deposited.

INTRODUCTION
PURPOSE OF INVESTIGATION

Phosphorite was first discovered in the Permian rocks
of Montana near Melrose by H. S. Gale, then of the U.S.
Geological Survey, in the fall of 1910 (Gale, 1911).
Phosphorite deposits were subsequently investigated in
many other areas in Montana, particularly north of Mel-
rose. The investigations included both geoglogic map-
ping and stratigraphic studies. Yet, at the beginning
of World War II, the areal geology of large parts of
western Montana was known only from broad reconnais-
sance, and only the gross outlines of the regional Per-
mian stratigraphy had been determined.

In the early days of World War IT, phosphatic shale
beds near Melrose that had been sampled for vanadium
were found to contain small amounts of uranium. A
study of the Montana phosphate deposits was therefore
undertaken in 1943 and 1944 by A. P. Butler and C. W.
Chesterman of the U.S. Geological Survey on behalf of
the Manhattan District. These investigations were
greatly expanded after the war, partly because the
search for uranium was intensified but also because the
rapid post-war expansion of the phosphate industry
greatly increased the need for geologic information on
the western phosphate deposits.

Since the start of these new investigations in 1947,
stratigraphic sections of the Permian rocks have been
measured and samples of the phosphatic members have
been collected over nearly the entire western phosphate
field. (See McKelvey, 1949, and Swanson and others,
1953, for preliminary reports on these investigations.)
In addition, the geology of many hundreds of square
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miles has been mapped in detail, chiefly in southwestern
Montana and southeastern Idaho.

This report embodies the results of the stratigraphic
and petrologic studies of the Permian rocks in that part
of western Montana south of lat 46° N. Many results
of the mapping program have already been released,
mostly in preliminary form (Klepper, 1950; Swanson,
1951 ; Kennedy, 1949 ; Myers, 1952 ; Lowell, 1949, 1953 ;
Honkala, 1953).

PERSONNEL AND ACKNOWLEDGMENTS

Twenty-two geologists participated in measuring
and sampling the Permian rocks of southwestern Mon-
tana during the field studies on which this report is
based, and their contributions are acknowledged in the
descriptions of sections on pages 384-561. The field
studies of M. R. Klepper, W. R. Lowell, F. S. Honkala,
and J. A. Peterson are particularly noteworthy. We
also gratefully acknowledge the many contributions
that have been made to this report by our colleagues,
particularly V. E. McKelvey, who organized and guided
the program, and T. M. Cheney, R. P. Sheldon, R. A.
Gulbrandsen, and L. D. Carswell. All these men have
studied the Permian rocks in other parts of the western
phosphate field.

The investigation has been conducted as part of the
Department of the Interior program for the Missouri
River basin and has been supported partly by the Di-
vision of Raw Materials of the U.S. Atomic Energy
Commission.

GEOGRAPHY

Southwestern Montana is characterized by mountain
masses separated by wide intermontane basins (pl. 14).
The Centennial Mountains, which extend westward
from Yellowstone National Park along the Idaho-Mon-
tana State line, trend eastward, but most of the other
ranges trend northward. A few peaks in the larger
ranges exceed an altitude of 10,000 feet above sea level,
and Koch Peak in the Madison Range, the highest
point in the area, is 11,293 feet above sea level. The
intermontane basins decrease in general altitude from
south to north; Centennial Valley is nearly 7,000 feet
above sea level, whereas Three Forks Basin ranges from
4,000 to 5,000 feet in altitude.

Most of southwestern Montana is drained by head-
waters of the Missouri River; the western two-thirds
is drained by the Jefferson River and its tributaries—
the Big Hole, Beaverhead, and Ruby Rivers—and the
eastern third, by the Madison and Gallatin Rivers. The
parts of Idaho included in the area discussed in this
report drain to the Pacific by way of either the Salmon
or the Snake Rivers.
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l.la,nd specimens were taken from every described bed
In every section.

Each measured section was assigned a lot number;
each measured bed, a unit number; and each channel
sample, a sample number. The lot numbers and sample
n’umbers used in this report are those originally as-
signed, but the units have been renumbered starting
with 1 at the base of each section and continuing con-
secutively up section. The unit numbers are prefaced
with letters that designate the stratigraphic member
of which unit is a part.

In order to standardize the measurement and field de-
scription of the beds by the many geologists participat-
ing in the fieldwork, forms were used that contained
spaces in which to record unit number, sample number,
rock name, unit thickness, texture, grain size, hardness,
thickness of bedding, color, jointing, nature of contact
with the underlying unit, and the presence of fossils.
An explanatory text by V. E. McKelvey described the
use of the form and defined terms to be used. Colors
were determined by comparison with the “Rock-color
Chart” distributed by the National Research Council
(Goddard, 1948), supplemented by a specially prepared
chart, in which the Munsell system was also used, that
covered in detail the range of colors most common in
the shale members.

Fossils were systematically collected from most of
the sections that were measured.

LABORATORY PROCEDURES

TREATMENT OF CHANNEL SAMPLES

All channel samples were shipped to Montpelier,
Idaho, where they were crushed to minus l4-inch mesh
and reduced to 10 pounds by use of a combination jaw
crusher and Vezin-type splitter (Huleatt, 1950). The
10-pound samples were sent to the U.S. Geological
Survey laboratory at Denver, Colorado, where they were
split into two parts, one of which was stored for future
reference as needed. The other split was ground to
minus 20 mesh, from which two 4-ounce splits were cut
and ground to minus 80 mesh. One minus-80-mesh split
was sent to the U.S. Bureau of Mines laboratory at
Albany, Oreg., where it was analyzed for P,0, and
acid-insoluble content; the other was sent to the U.S.
Geological Survey laboratory in Washington, D.C.,
where it was analyzed radiometrically for uranium.
If a split showed a content of 0.005 percent equivalent
uranium, it was analyzed chemically for uranium.
Many of the samples were also analyzed for AlLOQs;,
Fe;0s, and loss on ignition, some by the Washington
laboratory of the U.S. Geological Survey and some by
the Albany, Oreg., laboratory of the U.S. Bureau of
Mines. A few samples were analyzed chemically for
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Fluorine and V.Os;, and some were analyzed spectro-
graphically for a large number of elements by the U.S.
Bureau of Mines laboratory, Albany, and the U.S. Geo-
logical Survey laboratory, Washington, D.C. Determi-
nations of carbonaceous matter were made on several
hundred samples of the black-shale units mostly by the
Washington laboratory, but some were made by Bond
Taber of the U.S. Geological Survey at Menlo Park,

Calif.
CHEMICAL ANALYSES

P305

A 0.3000-gram sample was treated with a mixture of
5 milliliters concentrated HNQs, 5 milliliters HCI, and
8 milliliters concentrated HCIO,. After filtration,
P.,O; was precipitated by (NH,).MoO, at 65° C, and
the precipitate was dissolved in an excess of standard
NaOH ; the excess NaOH was then titrated with stand-
ard HNOs.

Two hundred samples of phosphatic rocks from all
parts of the western phosphate field that had been ana-
lyzed by the U.S. Bureau of Mines laboratory at Albany,
Oreg., were subsequently analyzed by the U.S. Geo-
logical Survey laboratory at Washington, D.C. Eighty
percent of the duplicate analyses differed from the orig-
inal by less than 1.3 percentage points; 90 percent, by
less than 2.0 percentage points; and 95 percent, by less
than 2.5 percentage points. Although comparison of
these analyses does not afford a statistically correct
measure of either accuracy or precision, it does demon-
strate that the analyses are sufficiently reliable for the
purposes for which they have been used in this report.

Gross errors were detected by comparing the analyses
with the mineralogic composition of the hand specimens
and the powder splits, and the samples were reanalyzed
as necessary. The errors were not necessarily analytical
but may have originated in the labeling of samples, in
bookkeeping, or in copying of results.

The phosphorus in the Permian rocks of Montana, as
in most marine apatites, is in the mineral carbonate-
fluorapatite (Altschuler and Cisney, 1952), which in
these rocks probably has a composition of (Ca, Na,
Sr, U)10(P, Siy S)6-x (O,F) 24-3x (CO;) «F2 (Gulbrandsen,
1960).* The extent of substitution, and thus the exact
composition, is not known. It is assumed in this report
that carbonate-fluorapatite contains approximately 89
percent P,O; and that the P,O; content can be con-
verted to apatite content by multiplying by 2.56. Be-
cause of the large number of substitutions possible in

1 Gulbrandsen (1960a) discussed the applicability of the terms ‘“collo-
phane” and “francolite” to the apatite variety present in the Phosphoria
Formation and concluded that their use is not justified. 'The usage in
this paper follows Gulbrandsen’s recommendation in calling the phos-
phate mineral carbonate-fluorapatite or simply apatite where it is the
only phosphate mineral of reference.
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the apatite lattice, the conversion factor 2.56 is only an
approximation.

ACID INSOLUBLE

The part of the 0.3000-gram sample that was insolu-
ble in the mixture of HNQ,, HCI, and HCIO, was
washed with water., ignited at 1,000° C for 1 hour,
cooled, and weighed.

Ninety-nine samples that had originally been ana-
lyzed at the Albany laboratory of the U.S. Bureau of
Mines were reanalyzed at the same laboratory. The
acid-insoluble analyses of 49 of the samples differed
by less than 1 percentage point and of 84, by less than
2 percentage points. The mean value of the reanalyses,
however, differed by about 1 percentage point from the
mean of the original analyses. The results cannot be
applied to the acid-insoluble analyses as a whole, but
they indicate that any lack of precision in the determi-
nations is unimportant for most purposes.

The acid-insoluble analyses are an approximation of
the total quartz and silicates. They are minimum val-
ues, for silicates soluble under the conditions of the
analyses may constitute several percent of the total
quartz and silicates of the more argillaceous samples.

URANIUM

All samples were analyzed radiometrically for ura-
nium, and those that contained more than 0.005 percent
equivalent uranium were then analyzed fluorimetrically.

Fluorimetric uranium values determined prior to 1949
are consistently low, and the radiometric determina-
tions for those years are a more reliable indication of
the actual uranium content (Z. S. Altschuler and F. S.
Grimaldi, written communication, 1951).

Some measure of the precision of uranium analyses
of samples collected in 1949 and subsequent years is
given in figure 89, in which the original analyses of 22
samples collected in 1949 are compared with repeat
analyses of the same samples made 5 years later. The
samples were chosen at random from among all phos-
phatic samples collected in 1949 in the western phos-
phate field.

CARBONACEOUS MATTER

The sample was heated to constant weight at 230° C
and again to constant weight at 450° C. The percent
carbonaceous matter equals the difference in weights at
the two temperatures divided by the weight of the sam-
ple and multiplied by 100 (Grimaldi in Thompson,
1953).

No rigorous test of the reliability of the carbonaceous-
matter determinations has been made, but nine samples
were analyzed at different times by two different ana-
lysts. Five of the nine samples differed by less than 1
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percentage point; seven, by less than 2 percgntage
points; and eight, by less than 3 percentage points.

SPECTROGRAPHIC ANALYSES

Results of the semiquantitative spectrographic anal-
yses are based on comparisons with a standard plate
representing known quantities of the elements tested fqr
and made at the same exposures. The standard sensi-
tivities for the elements noted in this report are as
follows:

Element Percent Element Percent
Al _0.005 | Mg - 0. 001
Sb _ .05 Mn - . 004
As .1 Mo _ ——— . 004
Ba .08 Ni o .0l
Be - .001 | Nb - 01
Bi 002 | P .8

B __ .001 | Pt .01
Cd .1 Si . 002
Ca .01 Ag - . 001
Cr .02 N8 e .05
Co N Sr .1
Cu 001 | T el 1.0
Ga .05 Sn .01
Ge .01 L4 R, . 002
Au .01 w — .1
Fe 005 | V. .01
Pb .1 Zn .05
Li_ .2 /4 S . 003

OTHER ANALYSES

Loss on ignition was determined by igniting the sam-
ple at 1,000°C. The mineralogical significance of the
value obtained is uncertain, but the loss on ignition in-
cludes chiefly carbonate CO,, carbonaceous matter,
water, and sulfur.

Total iron is reported as Fe,O;. Most of the iron
occurs in limonite, pyrite, or glauconite.

Aluminum was precipitated and weighed as alumi-
num phosphate but reported as Al,Os. Nearly all the
aluminum occurs in the clay minerals, but some is pres-
ent in glauconite and feldspars.

Most of the fluorine reported occurs in carbonate-
fluorapatite, but fluorite has been noted in some beds.

PETROGRAPHIC METHODS
EXAMINATION OF HAND SPECIMENS

Nearly all hand specimens collected in the field were
examined in the laboratory under the binocular micro-
scope ; approximately half of these specimens were also
powdered and examined in oils under the petrographic
microscope, generally in order to determine the amount
and type of carbonate minerals.

THIN SECTIONS

More than 400 thin sections were studied. The quan-
tities of constituents were generally estimated, but esti-
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F16UuRE 89.—Comparison of original and rerun uranium analyses of 22 samples of phosphorite collected in 1949 ; r is correlation coeflicient,
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mates of about 20 of the specimens were checked by
point counts.
SIZE ANALYSES

Sieve analyses produced poor results. Much of the
sandstone is only moderately well cemented and was
disaggregated with little difficulty to pass 60 mesh, but
enough small groups of grains were so tightly cemented
that most of the material retained on the 60-, 70-, and
80-mesh screens consisted of aggregates. Furthermore,
apatite and glauconite grains were crushed during dis-
aggregation and concentrated in the finer sizes, and
chert cement broke into angular fragments that were
present in all size fractions. We therefore resorted to
thin-section size analyses.

The thin-section size analyses were made by means
of a micrometer ocular and a point counter; the short
axis of the grain at each point was measured and tallied
in the appropriate 1/4-phi class. Only detrital grains
were counted. This procedure yielded a volume-per-
cent distribution which, because of the similar specific
gravities of nearly all the grains counted, closely ap-
proximated a weight-percent distribution.

The values for several of the thin-section size distribu-
tions were corrected for the effect of sectioning by the
method of Packham (1955). In general, correcting the
distribution value increased the median-diameter value
by 14-phi unit or less and decreased the sorting coeffi-
cient (So) by less than 0.1 and generally by less than
0.05. Unfortunately, the corrected size-distribution
curves of several of the specimens exceeded 100 per-

cent. For pictorial representation and for comparison
between samples, therefore, the uncorrected thin-section
data have been used, but values for the corrected dis-
tributions have been used for comparison with pipette-
analyses data and with sieve data of other investigations.
We do not know how close the corrected distribution
would match the distribution of the unconsolidated
sand, but the Packham correction method at least
changes the value for the distribution in the proper
direction. Size-distribution curves constructed from
the sieve data and the uncorrected and corrected thin-
section data for one sample are compared in figure 90.

Pipette analyses were made of several mudstone
samples. The samples were ground to minus 80 mesh
and soaked for several months in distilled water to
which a few milliliters of ammonium hydroxide had
been added. The samples were shaken intermittently.

HEAVY-MINERAL SEPARATION

Heavy minerals were separated by centrifuging in
bromoform having a specific gravity of 2.58. Limonite
stains were removed before centrifuging by heating the
sample in 2-percent hydrochloric acid for half an hour.
Separations were made into the following size fractions:
0.044-0.062 mm, 0.062-0.088 mm, 0.088-0.125 mm, and
0.125-0.177 mm.

X-RAY

X-ray diffraction patterns of 30 bulk samples from
the shale members were made by Bond Taber of the
U.S. Geological Survey in order to identify the carbon-
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ate minerals, determine the gross mineralogy of the clay
fraction, and detect feldspar and gypsum.

TERMINOLOGY

Color—The color names and numerical designations
are those of the Munsell color system.
Hardness—If a rock did not break under a single
sharp blow of the hammer it was termed “hard”; if it
did break, it was termed “medium hard”; but if it
crumbled or retained an imprint of the hammer head,
it was termed “soft.” The terms “crumbly,” “plastie,”
and “brittle” were used if appropriate.
Thickness of bedding—Thickness of bedding as used
in this report might more appropriately have been
called thickness of splitting on weathering; it refers to
the thickness of layers between visible cracks parallel
to stratification. The quantitative terms are defined as

follows: Feet
Very thick bedded______________________ >1.0
Thick-bedded - ______________________ 0.2-1.0

Thin-bedded ___________________________ 0. 02-0. 2
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Rock terms.—Definition of the rock terms are as fol-
lows (the adjective forms are in parentheses) :
Phosphorite (phosphatic): A rock composed dominantly of
carbonate-fluorapatite; rocks containing more than 19.5 percent
P:0s are phosphorites, and rocks containing more than 7.8
percent P:Os are phosphatic.

Limestone (calcareous): A rock composed dominantly of

calcite.
Dolomite (dolomitic): A rock composed dominantly of the

mineral dolomite.
Carbonate rock (carbonatic): A rock composed dominantly

of a mixture of calcite and dolomite, or one composed domi-
nantly of carbonate minerals, the identity of which is not

known.
Sandstone (sandy): A rock composed dominantly of detrital

quartz and silicates having a modal grain size between 0.062
and 2.0 mm. Nearly all the detrital grains in the sandstone
discussed in this report consist of quartz and chert, and all
the sandstone belongs to the quartzite series of Krynine (1948,
p. 149).

Mudstone (muddy): A rock composed dominantly of detrital
quartz and silicate having a modal grain size of less than 0.062
mm. If the modal grain size is between 0.004 and 0.062 mm,
the rock is a siltstone (silty); if the modal size is less than
0.004 mm, it is a claystone (clayey). In practice, the difficulty
in determining grain size in the flner grained rocks has resulted
in classifying most of them as mudstone.

Chert (cherty): A rock composed dominantly of nondetrital
quartz and chalcedony. The adjective “cherty” is used only if
the authigenic quartz and chalcedony are evenly distributed
through a rock; it is not applied to a rock containing chert

nodules.
Oolite (oolitic): A constructional particle 0.062-0.2 mm in

diameter having a concentrie structure.
Pellet (pelletal): A constructional particle 0.062-0.2 mm in

diameter having no regular internal structure.
Nodule (nodular): A constructional particle larger than 2 mm

in diameter.
Skeletal fragment (skeletal): A particle consisting of the

hard part of an organism; where used as part of a rock name,
it refers only to particles between 0.062 and 2 mm in diameter.

Grain (granular): Where used as part of a rock name, a
particle between 0.062 and 2 mm in diameter.

The grade scale used is that of Wentworth (1922),
and the size terms “very coarse,” “coarse,” “medium
fine,” and “very fine” have the same grade limits when
applied to phosphorite and carbonate rock as they do
when applied to sandstone. For example, a finely pel-
letal phosphorite consists of apatite pellets having a
modal diameter between 0.125 and 0.250 mm. Phos-
phorite and carbonate rock in which the constituent
grains are of silt or clay size are described as aphanitie.

EXPLANATION OF ILLUSTRATIONS

The outcrops of Permian rocks and the exact location
of each measured section and partial section are shown
in relation to the land net in plate 15. The relations
of the localities of measured sections to major geo-
graphic features are shown in plate 14, in which the

Fissile <0.02

locations of the sections are identical with those given
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in plate 15, except for several where the complete
section has been pieced from several lots or where one
of several closely spaced sections has been chosen to
represent the area. The locations, lot numbers, and
locality names in plate 14 are those used throughout
the text of the report.

The lithology and correlation of the Grandeur
Member of the Park City Formation are shown in plates
16 and 17, and similar information on the rest of the
Permian section is shown in plates 18-22. Correla-
tions within the Retort Phosphatic Shale Member of the
Phosphoria Formation are shown in more detail in
plates 23 and 24.

Maps showing the areal variations of lithologic char-
acter have been constructed by a method devised by
Pelto (1954, p. 503-505), in which the variation of
any number of components is mapped as a single func-
tion. In constructing the maps, the rocks are divided
into classes, each of which contains a unique end mem-
ber consisting of either a single component (such as
sand or carbonate) or a mixture of simple type (such
as equal amounts of sand and carbonate). These classes
are designated class I if the end member is a single
component, class IT if the end member is a mixture of
two components, class III if the end member is a mix-
ture of three components, and so on. A variable quan-
tity D expresses variations in composition within each
class; the minimum value of D is that of the end mem-
ber, and the maximum value, 100, is that at the class
boundary. In the maps in this paper, the component is
generally a single constituent rather than a rock type;

EXPLANATION

Class I area Class II area Class Il area
S
Sand Sand and carbonate Sand, chert,
and carbonate
%
%
Chert
Carbonate Chert and carbonate

————80
Contour of D value
Contour interval 20 units
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for example, all the sand in the mapped unit constitutes
the component rather than all the sandstone.

To calculate the D function, the proportions of the
components are arranged in order of increasing magni-
tude from left to right, and zero is added to the left of
the smallest component. Positive differences are taken
between adjacent components and are labeled from right
to left as (Ap)1, (Ap)u, and so on. The class number
is denoted by the subscript of the largest (Ap). The
largest (Ap) is then denoted as (Ap). and the next
largest as (Ap)om. The D function is then defined as:

D=100 (1_ [AI)) m— (Ap) um] )-

For example, consider a rock unit containing 42 percent
quartz sand, 40 percent dolomite, 15 percent clay, and
3 percent apatite. The calculation is as follows:

Sand
0.42

Dolomite
0.40

Apatite
0 0.03

Clay
0.15

Subtracting adjacent numbers and labeling the differ-
ences from right to left, we obtain:

(Ap)1
0.02

(Ap)1v (Ap) 11 (Ap)u
0.03 0.12 0.25
The class number is IT; that is, the rock is a nearly
equal mixture of two components. Continuing,
(AP) m=0.25, (AP) ym=0.12
D=100 (1— (0.25—0.12) ) =87
The D function is contoured in only a few of the
maps, as the density of control in the remaining maps
was insufficient.
Figure 91 illustrates the relation of the class areas and
the D value to composition in a three-component system.
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F1GURE 91.—Relation of class areas and D values to composition in a three-component system., Modified from Pelto (1954, fig. 2).
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STRATIGRAPHY AND PETROGRAPHY
STRATIGRAPHIC NOMENCLATURE

HISTORY OF NOMENCLATURE

The Permian section of southwestern Montana is com-
posed of four major rock types—chert, dolomite, sand-
stone, and interbedded phosphorite and dark mudstone.
Just east of Lima, Mont., where the interval is about
600 feet thick (fig. 92), a three-member sequence of
dolomite, phosphatic shale, and chert is repeated twice
from bottom to top. The layers thin toward the north-
east, and the upper two layers extend farther eastward
than the rest of the sequence; the chert and dolomite
layers intertongue with sandstone to the northeast, and
the chert layers in part grade into mudstone to the
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west. These changes in both character and thickness
of the individual layers cause the gross aspect of the
Permian to differ in various parts of southwestern Mon-
tana. West and south of Dillon the Permian is com-
posed dominantly of chert and mudstone; near Melrose
it is composed dominantly of dolomite; and near Yel-
lowstone National Park it is composed dominantly of
sandstone.

Before 1910, when phosphate-bearing beds were first
recognized in Montana, the more resistant beds of the
sequence were grouped either with the underlying beds
in the Quadrant Formation (Peale, 1893, p. 4143, and
1896; Iddings and Weed, 1894) or with the overlying
beds as the Teton Formation (Hague and others, 1896,

112° 111°

A Butte

24x

%25

7,
INDEX MAP

Bozeman
Yis

X 60

MONTANA

WYOMING

x137

200 137 _—
_/\ /\/)?- -
~
10 0 10 20 30 MILES

Lo gt 1 | J
CONTOUR INTERVAL 100 FEET

|
|
;
|

FIGURE 92.-—Isopach map of Permian rocks in southwestern Montana.

X, control point; figure shows measured thickness, in feet.



























STRATIGRAPHY AND PETROLOGY, PERMIAN ROCKS OF SOUTHWESTERN MONTANA

estimated modal grain size of all samples of the silty
sandstone that were examined in thin section ranges
from about 0.2 mm to the lower limits of the sand size,
but all are more poorly sorted than the other Permian
sandstones and the sandstone of the underlying Quad-

TABLE 2.—Size parameters of sandstone from Shedhorn, Park City
Quadrant, and Phosphoria Formations of southwestern Montana

Size parameter

Lot and sample Uncorrected for

g Corrected for sectioning
sectioning

Md | Mde| So | Md | Md¢| So o | ad

Upper member of Shedhorn Sandstone and equivalents

131 | feeeo
L4
123 |eeaae
L24 ||

L2 |l

. 130
.118

2.94 | 1.31
3.08|1.34

Lower member of Shedhorn Sandstone and equivalents

0.106 | 3.24 | 1.19 | 0.120 | 3.05

+.02
—.05
—.03

_,
=
o
oo
BEY
e
RBE

.128 | 2.97

.103 | 3.28

.109 | 3.20

.138 | 2.86 | 1.37

.130 | 2.94

.120 | 3.05 | 1.24
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TaBLE 2.—Size parameters of sandstone from Shedhorn, Park City,
Quadrant, and Phosphoria Formations of southwestern Mon-
tana—Continued

Size parameter

Uncorrected for Corrected for sectioning

sectioning

Lot and sample

Md [Mdp| So | Md |Mdp| So w w

Grandeur Member of Park City Formation

1299
0.082 | 3.60 | 1.49 | 0.80 | 40.06
.118 | 3.08 | 1.26 | .49
.053 | 4.27 [ 1.42 | .82 +.17
J114 (3,13 | 160 | mfoomae
L1161 3.10 | .70 o ]ocoemen
Quadrant Formation
1218
S1133a. 0.106 | 3.24 | 1.38 NSRS SV RIS FS——,
12461
2.40
3.15
2.85
2.95
2.65
2,73 | .34 |- e

Retort Phosphatic Shale of Phosphoria Formation
1359
R - O 38 | 1%
1299
Rt-96. e .160 | 2.64 | 1.32 | oo e e

1 Sieve analyses from Weaver (1955, p. 179). Sample numbers are those of Weaver.

rant Formation. Poorly defined graded laminae are
common in the silty sandstone but are extremely scarce
in the well-sorted variety.

The detrital grains of the silty sandstone are very
similar in character to those in the well-sorted sand-
stone. In most samples, more than 95 percent of the
detrital grains are composed of quartz; most grains are
subangular, but in the coarsest fraction they are sub-
rounded and even rounded. Chert grains compose as
much as 10 percent of the detrital fraction of a very
few samples, but they are not at all conspicuous in hand
specimens. The quartz grains are mostly equant, and
most display only slightly undulant extinction.

Weaver (1955, p. 168) reported that several of his
samples contained lath-shaped quartz crystals similar
to the quartz paramorphs after tridymite described by
Wager and others (1953). Similar lath-shaped quartz
occurs in silty sandstone from near the base of the
Park City Formation at Hogback Mountains. These
laths average 25 microns in diameter and 150 microns
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ip length and are both unicrystalline and polycrystal-
line; all show inclined extinction. In one thin section
similar-appearing laths radiate from a common center
?md seem to be fossil replacements or fillings; so, the
igneous origin of the laths is by no means certain.
About 1 percent of potassium feldspar and plagioclase
was seen in several samples.

Dolomite makes up 40-45 percent of many beds of
the silty sandstone, and few beds contain less than 10—
15 percent dolomite. Several samples contain large
equant unicrystalline anhedral dolomite grains that
are similar in size to the associated quartz grains and
that constitute as much as half the total dolomite, and
sgve.ral samples contain numerous composite grains, also
similar in size to the quartz, that are composed of mi-
crocrystalline dolomite anhedra. The dolomite grains
bear the same relationship to other grains and to the
matrix and cement as do the detrital quartz grains:
t.hig evidence indicates that both the large unicrystalline
grains and the aggregates were deposited with the
quartz by currents. The remainder of the dolomite is
intergranular and consists of small anhedra.

Weaver (1955, p. 186) described quartzite from the
Grandear Member at Kelley Gulch that contains 10-15
percent illite. 'We have not examined thin sections of
Fhese rocks from Kelley Gulch, but few similar-appear-
ing rocks from the same stratigraphic interval at other
localities contain more than a few percent clay minerals
and mica. .

Weaver (1955, p. 180-185) studied the heavy miner-
als of five samples of silty sandstone of the Park City
Formation—three from Kelley Gulch and two from
Sheep Creek. The most abundant nonopaque detrital
heavy mineral in Weaver’s samples is zircon. Tour-
maline is also common, and figure 136 (reproduced
from Weaver’s figure 11) indicates the relative
abundances of the color varieties of that mineral.
Weaver also observed small amonnts of rutile, apatite,
and garnet. Of the opaque minerals, lencoxene is by
far the most common, constituting 15-30 percent of the
total heavy minerals. Anatase is present as outgrowths
on many leucoxene grains. Most of the heavy-mineral
grains are subrounded to well rounded, and Weaver
(1955, p. 180-181) concluded that most were derived
from older sediments.

Most of the silty sandstone is thin bedded and hard.
The sandstone is colored generally brown to yellowish
orange (YR hues) having values of 5 and 6 and chro-
mas of 4 and greater. One exception is sandstone from
Dalys Spur, where the sandstone of the lower part of
the Park City is hard, thick bedded, and light gray.
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MUDSTONE

Mudstone occurs in both the Franson and Grandeur
Members of the Park City Formation, but in the Fran-
son Member it is restricted for the most part to a zone in
the middle of the member that is present at only two
sections, those at Little Sheep Creek and Wadhams
Spring. The mudstone at these two localities is thick
bedded and highly dolomitic and ranges in color from
pale brown where fresh to pale yellowish orange where
weathered. The detrital fraction seems to consist al-
most exclusively of silt-size quartz.

Mudstone forms a large part of the Grandeur Mem-
ber of the Park City in the western part of the area.
The mudstone consists of two types that differ appar-
ently only in color. The first type is a pale-reddish-
brown (10R5/4) dolomitic mudstone that is mostly thin
bedded and medium hard to hard; the second type is a
medium-hard to hard dolomitic mudstone that ranges in
color from yellowish gray to dusky yellow and in thick-
ness of bedding from thin to very thick. These are
referred to as red mudstone and tan mudstone respec-
tively, in the following discussion.

Size-distribution curves of the acid-insoluble frac-
tions of three red mudstones and three tan mudstones
from the upper part of the Grandeur at Big Sheep
Canyon are shown in figure 99. The median diameter
of five of the samples falls within the medium-silt class,
and that of the sixth sample is in the coarse-silt class.
The average median diameter of the three red mudstone
samples is 5.07 phi (30 microns), which is slightly
coarser than the average median diameter of 5.47 phi
(23 microns) of the tan mudstone. The content of clay-
size particles (finer than 8 phi) ranges from 8 to 25
percent ; the average content of clay-size particles in
the red mudstone is 11 percent, and that in the tan mud-
stone is 19 percent. The red mudstone is also somewhat
better sorted than the tan mudstone, as is indicated by
the sorting coefficient, So. The differences in size and
sorting between the two groups, indicated by size curves,
are not significant when tested by Student’s #. but addi-
tional analyses might show the differences to be signifi-
cant. Facies changes from sandstone to mudstone
within the member indicate that the median diameters
range probably from at least 17 microns to 62 microns.
The median size probably does not range much below
17 microns, for neither claystone nor any highly argil-
laceous siltstone has been seen.

The composition of the detrital fraction of the mud-
stone is similar to that of the silty sandstone of the
Grandeur Member. The mudstone commonly contains
about one percent of rather fresh-looking feldspar, a
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FicURE 99.—Cumulative size distribution curves for six mudstones from the Grandeur Member of the Park City
Formation at Big Sheep Canyon (lot 1224). Md¢, phi-median diameter; So, Trask sorting coefficient.



296

trace of mica, and some clay, but most of the detritus
consists of angular and subangular quartz silt. In thin
section, mica and clay seem to constitute 15-30 percent
of the rock (see also ‘Weaver, 1955, p. 187), but the size
analyses and the weak mica and kaolinite peaks on the
X-ray patterns suggest that the amount of clay minerals
is rather small and that much of the clay-size material
is quartz. Weaver (1955, p. 174-175) showed that the
clay mineral at Kelley Gulch is mostly illite, whereas
that at Sheep Creek and Wadhams Spring is mostly
kaolinite. X-rays of samples from Big Sheep Canyon
show small amounts of muscovite or illite and possibly
kaolinite. Red iron oxide evenly stains the finer grained
matrix of the red mudstone.

With the exception of some highly weathered beds
at Sheep Creek, all the mudstone of the Grandeur Mem-
ber of the Park City is dolomitic. The dolomite is pres-
ent in two forms. It consists most commonly of anhedra
about 5 microns in diameter that occur as a rather evenly
distributed intergranular matrix, but it also occurs as
larger anhedra and as equant aggregates of smaller
anhedra; both the larger anhedra and the aggregates
are similar in size to the quartz silt and are grains
rather than cement.

Thin sections show that some of the mudstone has a
lamination not seen in hand specimen. The alternating
laminae consist of medium- and fine-grained silt, range
from 0.2 to 2 mm in thickness, and are irregular and
discontinuous. Some possible microchanneling has been
noted.

CHERT

Chert, both bedded and nodular, is present throughout.
the Park City Formation, but it is a prominent constitu-
ent only locally and only in the Franson Member. In
outerop, the nodular chert ranges from well-formed,
round, equant bodies to lenses and extremely irregular
masses. The well-formed nodules are commonly 0.4
0.5 foot in diameter, but they range in diameter from
less than an inch to a little more than a foot. Chert
nodules generally constitute only a few percent of a
bed, but locally they may constitute one-half or one-
third. They are most common in the dolomite but are
present in some sandstone and dolomitic-mudstone beds.

Weaver (1955, p. 168-171) described the nodular chert
of the Grandeur Member in considerable detail, and
this paragraph is based on his discussion. Microscop-
ically, the chert appears to be composed of tightly
packed grains of quartz ranging in diameter from 1 to
60 microns and averaging 5-10 microns. The smaller
grains have irregular penetrating boundaries, and all
grains show undulose extinction. Bubble inclusions are
abundant, and sericite and illite shreds are common.
Lenses and veins of coarse-grained vein quartz and fi-
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brous chalcedony are present in some nodules. Electron
micrographs of samples of two chert nodules are pub-
lished in Weaver’s paper ; one shows the sample to con-
sist of indistinet, tightly packed xenomorphic patches of
quartz, and the other shows the sample to consist of
distinet, tightly packed equant to prismatic, apparently
polygonal particles, most of which are 1-3 microns in
diameter. Weaver concludes that the grain size as
measured in thin section is a “pseudo feature” and that
the apparent interpenetrating boundaries and undulant
extinetion result from the superposition in the thin
section of several individual crystals having diameters
only one-tenth the thickness of the section.

Chert occurs as interbeds in dolomite in both members
of the Park City Formation. Although locally a few
chert interbeds may exceed 5 feet in thickness, most
interbeds are less than half a foot thick. Some zones
of interbedded chert and dolomite, but not individual
beds, may be correlated from section to section.

Both the chert nodules and the thin chert interbeds
show unequivocal evidence of replacement origin at sev-
eral localities. At Wadhams Spring textures in thin
lenses and discontinuous beds of chert in the Franson
Member closely reproduce those of bryozoan limestone;
at Hawley Creek a chert bed in the lower member con-
sists largely of silicified corals, and at Alpine Creek a
small chert nodule retains the texture of the intraforma-
tional dolomite breccia in which it occurs.

In addition to the chert nodules and the thin chert
interbeds, thicker sections of bedded chert are present
in the Park City Formation at several localities. The
most prominent of these is at Sheep Creek, where 40
feet of bedded chert occurs near the top of the Franson
Member. Tt consists of alternating beds 1.0-1.5 feet
thick of hard yellowish-orange chert. The entire 40
feet is similar in gross lithology to beds that are else-
where placed in the Tosi and Rex Chert Members of
the Phosphoria Formation and would also be included
in one or the other of those members if its continuity
with either of them could be demonstrated.

STRATIGRAPHY

GRANDEUR MEMBER

The Grandeur Member of the Park City Formation
consists of the interbedded carbonate rock, carbonatic
sandstone, and carbonatic siltstone that underlie the
Meade Peak Phosphatic Shale Member of the Phos-
phoria Formation and overlie the Quadrant Formation
(Cheney and others, in McKelvey and others, 1956, p.
2841). At most localities the contact between the dolo-
mite or the silty sandstone and mudstone of the Park
City and the massive light-colored well-sorted sandstone
of the Quadrant is sharp and can be located without
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difficulty. Locally, however, well-sorted sandstone and
dolomite are interbedded and the contact seems grada-
tional as in parts of the Melrose area, at Lazyman Hill
in the Gravelly Range, and at Indian Creek and Shell
Canyon in the Madison Range. The contact with the
overlying Meade Peak Member of the Phosphoria is also
sharp and distinct, but the Grandeur Member is distin-
guished with some difficulty from the similar-appearing
Franson Member of the Park City in the eastern and
northern parts of the areas where the Meade Peak and
Rex Members of the Phosphoria Formation are not
present. Although there is always some doubt in plac-
ing the contact in such areas, the Grandeur and Franson
Members can generally be separated in the Madison
Range by the character of the associated sandstone;
sandstone associated with the Franson Member com-
monly contains conspicuous amounts of chert grains
and apatite pellets and fossil fragments, whereas sand-
stone associated with the Grandeur Member does not.
Although the division can also be made by the same
criteria in several sections in the Three Forks region,
the two members there must be combined in most places.

At Hawley Creek, where the westernmost section was
measured, the Meade Peak Tongue of the Phosphoria
is absent, and the correlation shown in plates 16 and
21 is not the only one possible; an alternative correla-
tion is that the Franson Member of the Park City For-
mation may pinch out east of Hawley Creek and, so, all
the Park City at Hawley Creek may belong to the
Grandeur Member. However, the correlation shown
seems to be a likely one and has been followed in con-
structing the isopach and lithofacies maps.

The Grandeur Member has not been studied in as
much detail as have the overlying strata. Fewer com-
plete sections of the member were measured than of the
other members, and where sections were measured, the
Grandeur Member was generally described in less detail
than the rest of the Permian rocks. Partly for these
reasons and partly because of the lack of distinctive
beds or sequences of beds within the member, only the
broad outline of its stratigraphy is known.

The areal variation in thickness of the Grandeur
Member is shown in figure 100, and the areal variation
in lithologic character, in figure 101. In general, the
member thickens southwestward from a few tens of
feet in the Madison Range area to a maximum of nearly
600 feet at Hawley Creek. The trend is not continuous
but is interrupted by an abrupt thickening to a maxi-
mum of more than 380 feet in the eastern Snowcrest
Range and a complementary thinning along an axis

? Pierce, H. W., 1952, Geologic studies of the Phosphoria formation
in restricted areas, Melrose Phosphate Field, Montana : Indiana Univ.,
Master’s thesis, p. 9.
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running northward from Wadhams Spring to near
Dillon. The thickening in the eastern Snowcrest Range
is abrupt—more than 300 feet in 12 or 13 miles and
perhaps as much as 280 feet in only 4 miles. Westward
from the low at Wadhams Spring, the member thickens
at an average rate of a little more than 12 feet per mile.

The Grandeur Member may be divided into two
parts—the upper terrigenous beds and the lower dolo-
mite. Westward along the line of sections shown in
plate 16, the upper terrigenous beds are present at
Hogback Mountain, where they consist of 75 feet of
silty dolomitic sandstone. The average grain size of
the terrigenous material is finer westward from Hog-
back Mountain, and at Wadhams Spring the interval
consists of about 70 feet of dolomitic mudstone and
dolomite. Farther west at Big Sheep Canyon most of
the mudstone is red, but at Hawley Creek there is no
conspicuous zone of either sandstone or mudstone, un-
less the beds assigned to the Franson Member are ac-
tually part of the Grandeur, and the part of the section
that is most probably equivalent to the upper terrige-
nous beds consists chiefly of dolomite. East of Hog-
back Mountain the upper terrigenous beds have prob-
ably been removed by erosion that preceded deposition
of the Meade Peak Phosphatic Shale Member.

The entire Grandeur Member of the Park City For-
mation in the Gravelly and Madison Ranges consists of
the lower dolomite. West of the Ruby River the lower
dolomite thickens to 310 feet at Hogback Mountain,
thins to 50 feet at Wadhams Spring, and thickens again
to 235 feet at Big Sheep Canyon. The lower dolomite
beds west of the Ruby River are nearly all aphanitic.
Chert, both as nodules and as thin beds, is more common
from Wadhams Spring westward, and sandstone, of
both the well-sorted and silty types, is present as sparse
interbeds. Other than for the granular dolomite and
dolomite-pebble breccia at Alpine Creek, the changes in
thickness of the lower dolomite do not seem to be re-
flected in the composition or texture of the rock.

Correlation of the two units northward is uncertain,
inasmuch as in the 28-mile stretch from Big Sheep
Canyon to Sheep Creek, in which there is no inter-
mediate control, the Grandeur Member thins from 347
feet to only 40 feet; most of the Grandeur Member at
Sheep Creek, Dalys Spur, and in sections north and
northwest of Dillon, however, correlates probably with
the upper terrigenous beds (pl. 17). The Grandeur
Member at Dalys Spur is composed about half of sand-
stone and half of dolomite; the sandstone grades south-
eastward into mudstone at Sheep Creek and northward
into mudstone at Kelley Gulch, into dolomite and chert
at Big Hole Canyon, and into dolomite at Melrose.
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F16URE 100.—Isopach map of the Grandeur Member of the Park City Formation.
X, control point showing measured thickness in feet; A, control point, data

feet thick; 50 feet where it is less than 100 feet thick.
approximate.

In the Three Forks area, the probable equivalent of
the Grandeur Member of the Park City Formation
consists of aphanitic dolomite and some interbedded
dolomite and chert. The dolomite may grade north-
ward into interbedded silty and well-sorted sandstone
at North Boulder Creek. The Grandeur member in the
Three Forks area can be correlated only in a gross
manner with the presumed equivalent member to the
south and southwest. It has not been determined
whether these strata are equivalent to the entire mem-
ber at localities such as Hogback Mountain or to only
part.

Contour interval, 100 feet where member is more than 100

The nature of the contact between the Grandeur Mem-
ber and the Quadrant Formation is not well known.
The greater amount of sandstone, similar in character
to sandstone in the Quadrant, in the Grandeur Member
at Indian Creek than in the sections at Shell Canyon
and Mountain Sheep Point suggests that the Grandeur
Member at Indian Creek in part interfingers with and
grades into the uppermost part of the Quadrant; inter-
fingering is also suggested by relations between the sec-
tions at Three Forks and at Logan (pl. 19). In neither
comparison, though, is such a facies change well docu-
mented, and the possibility that the Grandeur Member
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Ficure 101.—Lithologic character of the Grandeur Member of the Park City Formation.

actually pinches out to the east cannot be rejected. To
the southwest, the comparison of the Grandeur Mem-
ber at Alpine Creek with that at Lazyman Hill (pl. 16)
also suggests that the basal part of the Grandeur Mem-
ber grades into sandstone to the east.

The available faunal evidence indicates, on the other
hand, that the Quadrant and Grandeur are separated
by a hiatus that at least in the eastern part of the area

X, control point ; A, control point, data approximate.

represents most or all of Upper Pennsylvanian time and
perhaps part of Wolfcampian time as well. Fusulinids
of Des Moines age have been reported from about 30
feet below the top of the Quadrant at Mountain Sheep
Point (Henbest, 1956, p. 59), and fusulinids reported
by Henbest to be “middle or upper Wolfcamp (or pos-
sibly early Leonard)” in age have been found near the
base of the Park City Formation at Three Forks (Wil-
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liams, in McKelvey and others, 1956, p. 2857). Thus,
any interfingering between the two formations must be
minor and would involve only the very uppermost part
of the Quadrant.

Disconformable relations between the Park City For-
mation and the Quadrant Formation have been reported
by Theodosis ? on the basis of thickness variations of the
Quadrant and the presence of “weathered friable sand-
stone in the uppermost part” that was thought to mark
an old erosion surface. The Park City Formation in
the same area ranges from 34 to 187 feet in thickness
according to measurements made by Peterson and others
(1954), Theodosis, Fowler,* and Rooney.® Although
these relations suggest disconformity in the Melrose
area, they by no means prove it and may instead repre-
sent facies changes.

The relation of the Grandeur Member of the Park
City Formation to other formations of different lithol-
ogy to the west and south is highly conjectural. Black-
stone (1954) reported a limestone sequence in the south-
ern Lemhi Range of Idaho that contains Wolfcamp
fusulinids and therefore may be a westward continua-
tion of the Grandeur. Farther west, the dolomite may
grade into sandstone of the Wood River Formation,
for Bostwick (1955, p. 944) assigned a Wolfcamp age
to the upper two-thirds of the Wood River near Hailey
in central Idaho. The larger amount of sandstone in
the Grandeur at Crooked Creek than at Little Sheep
Creek (p. 17) suggests a southeasterly source of sand;
this in turn suggests that at least the lower part of this
lower member of the Park City Formation in south-
western Montana may be the equivalent of part of the
sandy member of the Wells formation, much of which,
according to J. Stewart Williams (1953, p. 39), may be
of Permian age.

FRANSON MEMBER

The type area of the Franson Member of the Park
City Formation is Franson Canyon, Utah, where Cheney
(in McKelvey and others, 1956, p. 2842) applied the
name to a sequence of light-gray and grayish-brown
dolomite and limestone that overlies the Meade Peak
Phosphatic Shale Tongue of the Phosphoria Formation
and underlies the Woodside Formation. Carbonate
rock of the Franson Member can be traced from the
type area in Utah through western Wyoming and east-
ern Idaho into Montana (McKelvey and others, 1956,
fig. 2). In Montana the Franson Member consists of
the carbonate rock, largely dolomite, that lies between
the Rex Chert Member and the Retort Phosphatic Shale
m 8. D., 1955, Geology of the Melrose area, Beaverhead and
Silver Bow Counties, Montana: Indiana Univ., Ph. D. thesis.

“Fowler, W. E., 1955, Geology of the Trusty Lake-Quartz Hill Gulch
area, Beaverhead County, Montana : Indiana Univ., Ph. D. thesis.

& Rooney, L. F., 1956, A stratigraphic study of the Permian formations
of part of southwestern Montana : Indiana Univ., Ph. D. thesis.
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Member of the Phosphoria Formation. It intertongues
eastward with the lower member of the Shedhorn Sand-
stone. A western sandstone and chert facies near Dillon
is included in the Franson because of the small area in
which it crops out and because it does not seem to be
continuous with the lower member of the Shedhorn
Sandstone.

The contact of the Franson with the underlying and
overlying units is sharp almost everywhere. Near Lima
the Franson directly overlies chert of the Rex Member
of the Phosphoria and directly underlies phosphorite
of the Retort Member of the Phosphoria, but to the east
and northeast it is separated from these two units by
tongues of the Shedhorn Sandstone. In the Madison
Range, where the Meade Peak Tongue of the Phosphoria
is absent, the Franson Member can be distinguished
from the Grandeur Member of the Park City Formation
by the character of the associated sandstone, as noted
in the description of the Grandeur.

The thickness and distribution of the Franson Mem-
ber are shown in figure 102. The greatest measured
thickness of the Franson is at Wadhams Spring, where
it is approximately 210 feet thick. From Wadhams
Spring it thins to the north, west, and southwest. The
member thins eastward and intertongues with the lower
member of the Shedhorn Sandstone; at Logan and
North Boulder Creek in the northern part of the area,
no beds can be assigned with assurance to the Park City.
At Hawley Creek the beds assigned to the Franson
Member are only 40 feet thick, indicating that it may
have originally pinched out a few tens of miles farther
west ; however, it is possible that this part of the section
is actually the upper part of the Grandeur Member and
that the Franson pinches out between Big Sheep Can-
yon and Hawley Creek.

The areal variation of the gross lithic composition
of the Franson Member is shown in figure 103. The
illustration shows the general uniformity of composi-
tion of the member, which is, of course, a reflection of
the definition of the member, and clearly shows the
western terrigenous facies. The dolomite of the Fran-
son in the Snowcrest Range is relatively low in con-
taminants, as is shown by the low 22 values on the map,
but the amount of minor constituents (mostly sand and
nodular chert) increases both eastward and westward.
The area of cherty dolomite shown in the northern Mad-
ison Range may extend northward, for the Park City
Formation at Three Forks contains a large proportion
of chert as interbeds, lenses, and nodules.

The transition of the member from the western ter-
rigenous facies into the predominant dolomite facies
may be followed in some detail in plate 20. At Dalys
Spur, the Franson contains no dolomite but consists
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of sandstone and subordinate chert and minor mud-
stone. Twenty-five miles to the south at Little Water
Canyon, the upper part of the member is composed
mostly of dolomite rather than sandstone, and much of
the sandstone in the lower part of the member is car-
bonatic. Four miles farther south at Big Sheep Can-
yon, the upper half of the Franson is composed mostly of
carbonate rock, cherty carbonate rock, and bedded chert,
and the lower half is composed of interbedded granu-
lar carbonate rock, sandy carbonate rock, and dolomitic
sandstone; several thin tan dolomitic mudstone beds are
present in the middle of the member. Nine miles far-
ther southeast, at Little Sheep Creek, the Franson is
composed mostly of carbonate rock, half of which is
709-931 0—63——3

granular or skeletal, but about a quarter of the mem-
ber is composed of tan dolomitic mudstone that occurs
in the middle of the section. Thus, as one traces the
member southward, carbonate rock makes up a pro-
gressively greater proportion of the section, the sand-
stone is progressively more carbonatic, and mudstone
forms a progressively greater proportion of the terri-
genous material. The change in gross aspect of the
member from Dalys Spur to Little Water Canyon, a
distance of 25 miles, seems no greater than the change
from Little Water to Big Sheep Canyons, a distance of
only 4 miles, or from Big Sheep Canyon to Little Sheep
Creek, a distance of only 9 miles. One minor difference
in the facies distribution, shown in plate 20, is that glau-
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conite occurs in the sandy carbonate-carbonatic sand-
stone sections but not in the sandstone section at Dalys
Spur or the limestone section at Little Sheep Creek.
A similar change in facies from sandstone to dolo-
mite takes place north of Dalys Spur (pl. 20) and

northeast of Kelley Gulch (pl. 19), but the nature of
the change is not shown by the sequence of sections as
well as it is in the sections south of Dalys Spur. The
sandstone does not grade into mudstone northward and
northeastward, but it either grades directly into dolo-
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mite or else from sand to bedded chert and thence to
dolomite.

From the mixed sand and carbonate section at Big
Sheep Canyon, the sandy beds in the upper and lower
parts of the Franson member grade eastward into dolo-
mite at Wadhams Spring, whereas the sandy beds in
the center part grade into dolomitic mudstone (fig. 12).
The mudstone zone may be represented by silty dolo-
mite at Sawtooth and Hogback Mountains, but no trace
of it is found at Sliderock Mountain or in the sections
east of the Ruby River. Nearly half of the carbonate
rock is granular or bioclastic in all sections from Big
Sheep Canyon to Sawtooth Mountain, but from Hog-
back Mountain east it is nearly all aphanitic, even
though the dolomite is sandy in the Gravelly and
Madison Ranges. In the western section, the granular
dolomite does not seem to be restricted to any part of
the member but occurs throughout the section. Per-
haps the only generalization that can be made is that
at most localities the basal carbonate of the member is
aphanitic.

Two zones of thin chert layers, lenses, and nodules
are the only beds within the Franson Member that can
be traced widely. The two zones are most conspicuous
at Wadhams Spring (p. 21), where the upper consists
of nodules near the top of the dolomitic mudstone and
the lower consists of discontinuous beds, lenses, and
nodules near the base of the dolomitic mudstone. The
lower cherts in particular preserve the textures of skele-
tal carbonate rock. The westward correlatives of the
upper zone are not known with any certainty, but the
lower zone can be traced with confidence to the sections
in the Tendoy Mountains west of Lima. The two chert
zones converge to the northeast. They are distinguish-
able as separate zones at Sawtooth Mountain, but at
Hogback Mountain they form a single zone of nodules
and interbeds. The chert zones cross major lithologic
boundaries and pass eastward from the sandstone-car-
bonate rock facies into dolomitic mudstone and finally
into dolomite.

Neither the upper nor the lower contact of the Fran-
son Member can be considered a time plane. Evidence
that the lower contact crosses time horizons may be
seen in plate 20, where in the sections from Little Water
Canyon to Sheep Creek, the contact between the Rex
Chert and Franson Members crosses a phosphatic bed.
If the phosphatic bed was deposited nearly synchron-
ously over the area, as is suggested by its uniqueness in
this part of the section, the contact between the Fran-
son and Rex is older at Dalys Spur than it is either at
Sheep Creek or near Lima.

The upper contact of the Franson may nearly coincide
with a time plane in the western part of the area, where
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the member is directly overlain by the Retort Phos-
phatic Shale Member of the Phosphoria Formation ; but
to the east, where a tongue of the Shedhorn Sandstone,
is equivalent to the upper part of the Franson of the
Lima area, the upper contact of the Franson is older
than it is in the Lima area.

As with the Grandeur Member, the exact manner in
which the Franson Member terminates to the east is not
clear. Certainly the interval is in part represented by
sandstone of the lower member of the Shedhorn, and
the dolomite itself undoubtedly thins eastward. In-
dividual beds probably pinch out eastward and hiatuses
there are probably more numerous and of greater time
significance.

PHOSPHORIA FORMATION
GENERAL CHARACTER AND DISTRIBUTION

The type locality of the Phosphoria Formation is
Phosphoria Gulch, Bear Lake County, Idaho, where the
formation was named by Richards and Mansfield in
1912 (p. 684). Two members were recognized: the
phosphatic shale member, about 200 feet thick, and the
overlying Rex Chert Member, consisting of 150 feet of
bedded chert overlain by 100 feet of mudstone and
cherty mudstone.

In 1956 (McKelvey and others, 1956, p. 2844-2850),
applied the name Meade Peak Phosphatic Shale member
to the phosphatic shale of the type section, restricted
the term Rex Chert Member to the 150 feet of bedded
chert, and applied the name cherty shale member to the
upper mudstone. The member names Meade Peak and
Rex were extended to beds in western Wyoming and
from there to beds in southwestern Montana on the hasis
of work by Sheldon (McKelvey and others, 1953).

Three members of the Phosphoria Formation are not
found at the type locality of the formation; these are
the Retort Phosphatic Shale Member, named in Mon-
tana and extending southward to western Wyoming
(Swanson in McKelvey and others, 1956, p. 2850), the
Tosi Chert Member, named in western Wyoming and
extending into Montana (Sheldon, in McKelvey and
others, 1956, p. 2841), and the lower chert member,
present only in western Wyoming (Sheldon, in Me-
Kelvey and others, 1956, p. 2845).

In most of southwestern Montana, four of the six
members of the Phosphoria Formation are present.
These are, in ascending order, the Meade Peak Phos-
phatic Shale, the Rex Chert, the Retort Phosphatic
Shale, and the Tost Chert Members. In addition, beds
betweeen the Retort and Tosi Members at Big Sheep
Canyon are tentatively assigned to the cherty mudstone
member. The Rex chert and Meade Peak Phosphatic
Shale Members pinch out east of the Gravelly Range
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and north of Big Hole Canyon, but where present they
are separated from the Retort Phosphatic Shale Mem-
ber by the Franson Tongue of the Park City Formation.

The thickness and distribution of the Phosphoria
Formation are shown in figure 104.  The location of the
featheredge of the formation northeast of Three Forks

is based on work by Klemme.® McMannis (1955, p.
1404) described 0-26 feet of chert breccia in a sandstone
matrix that crops out along the east flank of the Bridger
Range north and northeast of Bozeman. McMannis

¢ Klemme, H. D., 1949, The geology of Sixteen Mile Creek area, Mon-
tana : Princeton Univ., Ph. D. thesis.
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questionably assigned the unit to the Jurassic, but the
similarity of these beds to the conglomerate of Permian
age described by Klemme suggests that the conglomerate
of the Bridger Range may also be Permian.

Near the mouth of Rocky Creek Canyon, southeast
of Bozeman, the following sequence is exposed on top of
typical Quadrant Formation: 5 feet of conglomeratic
sandstone grading up into cherty carbonate rock and
calcareous shale; 11 feet of nodular- to medium-bedded
chert and limestone and shale interbeds; 6 feet of mas-
sive sandy carbonate rock; 3 feet of fine-grained cal-
careous sandstone containing angular chert fragments
at the top; 3 feet of fine-grained thick-bedded carbonate
rock; 5 feet of chert; 2 feet covered ; and 1 foot of fine-
grained white sandstone. The overlying interval is
covered for a distance from its base to the Jurassic beds
overlying it. The strata described above resemble units
of the Permian interval to the west, in that they con-
tain phosphate pellets and spicular chert. Cobban,
Imlay, and Reeside (1945) redescribed the type section
of the Ellis Formation (Jurassic) at this locality as
including, on top of the Quadrant Quartzite, 5 feet of
conglomerate, 3 feet of limestone, and 84 feet of inter-
bedded gray shale, calcareous shale, and limestone, the
lowermost 23 feet of which is shale. It is difficult to
reconcile the two sections overlying the Quadrant unless
it is assumed that the rocks called Quadrant by them are
part of the quartzite at the top of the section. No fos-
sils were found in the section, which was measured near
the highway and in less detail than most other sections
described in this report. However, specimens were
collected of each bed measured, and in thin sections of
these, the sponge spicules, phosphate pellets, and spicule
canal fillings typical of the Phosphoria were noted,
particularly in samples from the top bed of the
sequence.

The Phosphoria thickens southwestward from Boze-
man, and the maximum thickness of 330 feet occurs at
Big Sheep Canyon.

The Rex and Tosi Chert Members constitute most of
the Phosphoria, and in only a few places do the two
phosphatic shale members constitute more than half of
the formation.

LITHOLOGY
FREQUENCY OF ROCK TYPES

Rocks of the Phosphoria Formation consist of mix-
tures of five major constituents: (1) authigenic micro-
crystalline quartz in the form of chert; (2) carbonate
fluorapatite in the form of isotropic or microcrystalline
pellets, oolites, and skeletal fragments; (3) calcite and
dolomite; (4) clay minerals and detrital quartz; and
(5) carbonaceous matter. All the constituents except
carbonaceous matter occur in sufficient amounts to
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form the major part of many beds. Most rocks of the
two chert members are rather simple mixtures of authi-
genic microcrystalline quartz and minor clay and detri-
tal quartz, but combinations of three or more of the
major constituents are common within the two phos-
phatic shale members. This lithologic character is best
seen in rocks of the Retort Phosphatic Shale Member,
for which more data are available than for other
members.

Figure 105, illustrating the gross mineral composi-
tion of the Retort Phosphatic Shale Member, was con-
structed from analyses of rocks at eight localities. The
number of samples at each locality is roughly propor-
tional to the thickness of the member at that point, and
the localities are relatively evenly spaced over the area;
so the diagram is probably representative of the member
as a whole in southwestern Montana. In plotting the
samples the amount of carbonaceous matter was sub-
tracted and the amount of the remainder of the constit-
uents recalculated to 100 percent. The points were
plotted on the triangular diagram and then contoured
in a manner similar to that used in contouring petro-
fabric diagrams.

Perhaps the most striking feature shown by figure
105 is the near absence of mixtures of significant
amounts of the carbonates with either the detrital sili-
cates or apatite. On the other hand, apatite is mixed
in nearly all proportions with the quartz and clay end
member. Even so, two conspicuous modes in the apa-
tite-silicate mixtures are apparent; the two most com-
mon rock types are (1) mudstone and (2) highly
phosphatic mudstone and argillaceous phosphorite.
The barren zone between the quartz and clay-apatite
join, and the band representing the silicate-apatite mix-
tures results from the presence in most of these rocks of
gypsum, iron oxides, pyrite, and soluble silicates.

OCCURRENCE OF CARBONACEOUS MATTER IN THE RETORT

PHOSPHATE SHALE MEMBER

Carbonaceous matter is a universal and characteristic
component. of the shale members, although it is nowhere
a dominant constituent. The relations of carbonaceous
content to the other constituents of the Retort member
are shown in figure 106. The carbonaceous content for
each sample was noted at the proper position in the tri-
angle, a 1-percent-area triangle was moved systemati-
cally over the area of the larger triangle, and the aver-
age of all values within the 1-percent area was noted at
each stop. The resulting average values were then
contoured.

There are two bands of high carbonaceous rocks.
The most conspicuous coincides approximately with the
highly phosphatic mudstone mode shown in figure 106 ;
the second very roughly coincides with the mudstone
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FIGURE 105.—Mineral composition of rocks in the Retort Phosphatic Shale Member of the Phosphoria Formation.

Soluble silicates

Analyses of 97 samples

representing every third bed at localities 1224, 1234, 1249, 1253, 1299, 1319, 1362, and 1363 were plotted on the comnpositional triangle

and contoured by use of a triangle having an area 1 percent that of the compositional triangle.

minor constituents in lower-case letters.

mode. Both the high-grade phosphorites and the car-
bonate rocks contain little carbonaceous matter.

Figure 106 shows only average values; therefore, a
frequency diagram of the organic content of the same
samples is shown in figure 107. More than half the
samples contain less than 4 percent carbonaceous mat-
ter and more than 90 percent of the samples contain less
than 10 percent. The highest value reported is 23 per-
cent for bed Rt-193 at Big Sheep Canyon, which con-
tains 5.7 percent P,O; and 36.7 percent acid insoluble
material.

The relation of carbonaceous matter to other constit-
uents can be studied in more detail in the Retort Mem-
ber at Sheep Creek (lot 1234), where 16 of the samples
that have been analyzed for acid insoluble, A1,0;, and
Fe,O; have also been analyzed for carbonaceous matter.

Major constituents in upper-case letters;

The correlation coefficients between constituents in these
samples are listed in the following table:

Al 03 Fez03 Carbonace-

ous matter
Acid insoluble. ... ________ 10. 789 2. 526 0. 354
ALOs_ | __ 2 733 2, 525
F6203 ________________________________________ 2, 615

1 Coefficient significant at the 1-percent level.
2 Coeflicient significant at the 5-percent level.

The correlation of carbonaceous matter with acid
insoluble is not significant, but the correlation of car-
bonaceous matter with Al,Os is significant and probably
reflects the commonly observed tendency of carbona-
ceous matter to be concentrated in finer grained
sediments (Trask, 1939, p. 433). The correlation of
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FI16URE 106.—Relation of content of carbonaceous matter to rock composition in the Retort Phosphatic Shale Member of the Phosphoria

Formation.

carbonaceous matter with Fe,Oj; is also statistically sig-
nificant and probably reflects a direct relation between
carbonaceous matter and reducing conditions in the
original sediment.

PHOSPHORITE

Phosphorites are rocks in which apatite is the domi-
nant constituent.

There is little uniformity in color among the phos-
phorites as seen in outcrop or in trenches. Perhaps the
only generalization that can be made is that the phos-
phorites are nearly all low in chroma. The frequency
distribution of value (the measure of darkness) for
phosphorites of the Retort Member is shown for several
localities in figure 108. The lack of any regional trend
in the value suggests that the differences in color as seen

Based on the same samples as used in figure 105.

at the surface may in large part be a function of the
degree of weathering. The frequency distribution of
the value for hard phosphorite is compared with that
for medium and soft phosphorite in figure 109; this
particular comparison is made because the harder beds
are assumed to be generally less weathered. The differ-
ences between the two distributions were tested by x?
and were found to be highly significant (P<1 per-
cent) ; therefore, the medium and soft phosphorites are
lighter in color. The most highly weathered section is
at Wadhams Spring, where the rocks were weathered
deeply prior to deposition of a Tertiary conglomerate.
Here 75 percent of the phosphorites have color values
of 7 or more.

In relatively fresh surface exposures, oolitic and
skelétal phosphorites are commonly lighter in color
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FicURE 107.—Frequency distribution of carbonaceous matter in the
Retort Phosphatic Shale Member of the Phosphoria Formation.
Based on the same samples as used in figure 105.

than pelletal phosphorite, partly because the oolitic and
skeletal beds originally contained less carbonaceous
matter than the pelletal phosphorites and partly be-
cause many of the skeletal and oolitic beds are more
pervious and weather more rapidly. Inasmuch as the
Meade Peak Member contains generally more oolitic
and skeletal phosphorite than the Retort Member, it is

GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

distinctly lighter in color than the Retort over much
of the area.

The phosphorites are somewhat more uniform in
thickness of bedding than in color. About 50 percent
are thin bedded, and about 40 percent are thick bedded ;
the rest are equally divided between fissile and very
thick bedded types.

The phosphate-bearing mineral in the Phosphoria,
as in most marine phosphorites, is carbonate-fluorapatite
(Altschuler and Cisney, 1952). The apatite crystals
in many grains are either obscured by inclusions or are
too small to be resolved, but anisotropism is much more
common than one would expect from descriptions in
the literature. Many of the grains are composed of
minute weakly birefringent crystals having an apparent
crystal size of 1 or 2 microns; the resulting pin-point
extinction closely resembles that of chert. This type
is termed “microcrystalline apatite” in this report. An-
isotropic apatite also occurs as concentric laminae with-
in or as exterior rings about apatite grains. Individual
erystals cannot be distingnished, but their mass orienta-
tion with the ¢ axes arranged radially (the slow ray
vibrates tangentially) results in weakly birefringent,
somewhat fibrous-appearing rings that exhibit the
spherulitic cross. This type is termed “microfibrous
apatite.” Most skeletal fragments also show a weak,
streaky birefringence that probably also results from
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stone aggregates; and phosphatic oolites, to calcareous
oolites. The photographs in Illing’s paper could well
lustrate Phosphoria phosphorites except for differ-
ences in composition. There are, of course, some differ-
ences in texture—the caleareous silt of the Bahamas has
no phosphatic counterpart in southwestern Montana,
and the detrital quartz and silicates of the Phosphoria
do not exist in the Bahamas. Nevertheless, the very
great similarities in texture must indicate corresponding
similarities in the mode of origin.

MUDSTONE

The mudstone and the phosphatic-mudstone modes
shown in figure 105 are so distinet that one might expect
accompanying differences in texture and structure, but
for the most part, these differences do not seem to exist.
Frequency distributions of thickness of bedding, hue,
chroma, and vaue have been compared for the two types
of mudstone, but the 2 test indicates that the differences
are not significant. A more subtle difference, however,
can be shown to exist in at least one locality. In the
Retort Member at Sheep Creek, the acid insoluble/A1,0,
ratio averages 527 for phosphatic mudstone but aver-
ages 6.32 for weakly phosphatic mudstone. The differ-
ence is highly significant. (P<1 percent), according to
Student’s ¢ test—that. is, the detrital fraction of the
weakly phosphatic mudstone contains a significantly
smaller proportion of Al,O;, and thus of clay, than does
the detrital fraction of phosphatic mudstone. It should
be emphasized again that the assumption that the acid-
insoluble content is the detrital fraction is only approx-
imately correct inasmuch as at least several percent of
the silicates in mudstone may dissolve in the procedure
used.

Most of the mudstone of the Phosphoria is thin
bedded; but about 20 percent of the mudstone in the
measured units is fissile, and less than 5 percent is very
thick bedded. The thin-bedded mudstone is darker in
color than the thick-bedded mudstone (fig. 114); this
relation is possibly explained by Ingram’s observation
(1953, p. 877) that carbonaceous matter increases the
tendency toward parallel arrangement of the clay par-
ticles. Ingram (1953, p. 871) also stated that in the
suite of rocks he examined the mudstones having a
flaggy structure (splits into fragments with two flat
parallel sides and with the width and length much
greater than the thickness) are predominantly black
or dark gray, whereas those having a flaky structure
(splits into uneven flakes, thin chips, and wedgelike
fragments) are predominantly gray or gray black. In
the Phosphoria, however, the opposite relation exists.
The best example is at Big Sheep Canyon, where the
black and olive-black highly carbonaceous mudstone of
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the Retort is flaky, whereas the olive-gray ecarbon-poor
mudstone of the cherty shale member is platy.

About one-third of the mudstone beds of the Phos-
phoria are neutral in hue; most of the rest have Y#
hues and low chromas. The value is variable over the
region but may be rather consistent in any one exposure
(fig. 114). The variability in value seems to be re-
lated more to conditions of exposure rather than to any
regional trend and contrasts with the strong regional
trend in the content of carbonaceous matter. To test
the effect of weathering on color, the frequency distri-
butions of hue, chroma, and value of soft mudstone were
compared with those of hard mudstone by means of the
x? test. Differences in hue and chroma are not sig-
nificant, but differences in value are highly so, as the
soft mudstone is lighter in color (fig. 114). No sig-
nificant differences in the thickness of bedding were
found between hard and soft mudstone. Relatively
unweathered mudstone is thus generally hard, thin
bedded, and dark gray and brownish gray to black and
brownish black. Weathering lightens the color and re-
duces the hardness but does not greatly affect the chroma
or thickness of bedding.

The mudstone consists of mixtures of quartz silt, clay,
apatite, and carbonaceous matter. The quartz silt is
angular and contains a large proportion of elongate
grains, but it is otherwise similar to the detrital quartz
in sandstone of the Park City and Shedhorn Forma-
tions. Small amounts of both plagioclase and potas-
sium feldspar have been noted in X-ray patterns of
some, but not all, of the mudstone, but they have not
been observed in thin section.

Clay minerals have been identified from X-ray pat-
terns of bulk samples from several beds at Big Sheep
Canyon, Sheep Creek, Hogback Mountain, and the
Centennial Mountains. Tllite and kaolinite are pres-
ent in nearly all the samples, but illite is dominant;
montmorillonite has been detected. Herr’ studied
the fraction containing particles less than 2 microns in
size of several samples from Big Sheep Canyon and
concluded that the dominant clay mineral is a mixed-
layer illite-montmorillonite. Rooney,® also working
with fine-grained separates, found that illite is the most
abundant clay mineral in the sections near Three Forks
and that kaolinite, chlorite, and mixed-layer illite-
montmorillonite are minor accessories. In the Melrose
area, however, Rooney found that montmorillonite is
very abundant and in places dominant, and that kao-
linite is common. He believed that the montmorillo-

7Herr, G. A., 1955, Clay minerals in the Phosphoria formation in
Beaverhead County, Montana : Indiana Univ.,, M.A, thesis.

8 Rooney, L. F., 1956, A stratigraphic study of the Permian forma-
tions of part of southwestern Montana : Indiana Univ., Ph. D, thesis,
p. 54-61.
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nite and kaolinite of the Melrose area most probably re-
sulted from hydrothermal alteration.

Apatite pellets in the mudstone are dark colored, com-
monly elongate, of fine- and medium-sand size, and dif-
fer only in abundance from those in dark argillaceous
phosphorite. Sparse bone, scale, or tooth fragments
are present in many samples.

Carbonaceous matter is seen in thin section as black
and brown pigment that is generally concentrated in
the more argillaceous parts of the specimen. The car-
bonaceous matter in some samples is so abundant that
the thin sections are opaque. Rooney (1956) found
the C*3/(C2 ratio of organic carbon in the Phosphoria
of Montana to range from 89.80 to 91.25, values similar
to those of modern stagnant water plants as determ-
ined by Wickman (1952, p. 252). According to Craig

(1953) these values are also typical of the organic car-
bon of both petroleum and marine shales.

Iron oxide is ubiquitous in the mudstone and stains
the argillaceous material yellow and brown. Pseudo-
morphs of iron oxide after pyrite are scattered through
most thin sections as minute grains; in other samples
aggregates of the pseudomorphs form clusters and
streaks. The Fe,O, content rarely exceeds 5 percent
and averages about 2 or 3 percent. (See analyses for
Sheep Creek, lot 1234.)

The relative proportion of the various constituents
composing the matrix are difficult to determine in thin
section because of the extremely small grain size; the
size distribution was not determined by sedimentation
techniques because of the difficulty in dispersing the

grains in rocks saturated with carbonaceous matter.
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However, estimates of the relative amounts of quartz
and clay in the mudstone can be made by means of the
ALQ, analyses. If all the AlL,O, of the mudstone in
the Retort Member at Sheep Creek is in illite (an as-
sumption at least partially justified by X-ray data) hav-
ing an A1,O; content of 26 percent (Grim, 1953, p. 872),
then the acid insoluble/A1.Q, ratios indicate that about
75 percent of the detrital fraction of the phosphatic
mudstone and 60 percent of the detrital fraction of the
weakly phosphatic mudstone are clay. Inasmuch as
some of the detrital silicates are soluble, these percent-
ages are a little too large, but the A1,Q, content assumed
for illite is probably near the maximum. If the illite
is similar in composition to those analyzed by Kerr and
others (1950) and contains only about 18 percent A1,0;,
then all the detrital fraction of the phosphatic mud-
stone is clay. Whatever the composition of the illite,
much of the mudstone in the Retort Member, and prob-
ably also in the Meade Peak Member, is actually clay-
stone or silty claystone. Some mudstone beds within
the shale members, however, are properly classed as
siltstone; for example, the detrital fraction of the basal
bed of the Retort at Sheep Creek contains only about
30 percent clay (from analyses, assuming 26 percent
AlL,Os in illite), the basal bed at Hogback Mountain
contains about 15 percent (from measurements on a
thin section), and the entire lower half of the Retort
at Sawtooth Mountain consists of siltstone that is not
particularly argillaceous.

The silt in many silty claystones is concentrated in
lenses and poorly defined and discontinuous laminae,
and the clay in many clayey siltstones is concentrated
in streaks; such uneven distribution is more the rule
than the exception. Apatite pellets are also generally
concentrated in laminae, lenses, and small groups, al-
though many pellets are isolated in the matrix.

CARBONATE ROCK

Most of the carbonate rock of the Phosphoria consists
of thin interbeds of aphanitic dolomite. In relatively
unweathered sections the colors are mostly grayish
brown and pale brown-—colors having low chroma and
values ranging from 3 to 6. The rocks are darker than
dolomite of the Park City Formation but lighter in
color than the shale and chert with which they are
interbedded. Few of the dolomite beds are fissile, but
otherwise there is little uniformity in thickness of bed-
ding. A larger proportion of the dolomite than of the
mudstone is thick and very thick bedded.

Texturally, the dolomite of the Phosphoria resembles
the aphanitic dolomite of the Park City Formation.
Most of the beds are composed largely of a mosaic of
dolomite anhedra that average about 20 microns in
diameter. Dolomite rhombs about the same size as the
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anhedra are scattered through several samples, and in
a few samples, half the total dolomite consists of
rhombs. One sample contains poorly defined circular
areas of aggregates similar to those noted in some
dolomite of the Park City. Carbonate fossil fragments
make up 10 or 15 percent of several samples: at least
some are replaced siliceous sponge spicules, which occur
with siliceous spicules that are corroded and only partly
replaced.

Either apatite or quartz silt may constitute more than
20 percent of the dolomite, but silty dolomite is more
common than phosphatic dolomite. The apatite pellets
are dark in color and have extremely irregular borders;
they are generally evenly distributed throughout the
dolomite. The quartz silt in most samples is also evenly
distributed. The borders of nearly all the quartz grains
are deeply corroded and invaded by dolomite. Little
clay has been identified in thin sections of the dolomite.

The dolomite beds of the Phosphoria, especially those
of the shale members, are particularly susceptible to
weathering. They become soft and crnmbly and some-
what lighter in value and stronger in chroma. The re-
sulting colors are light brown, yellowish gray, and weak
yellowish orange. If the degree of weathering is ex-
treme, most of the dolomite is removed, and the in-
soluble residue forms a thin soft mudstone bed.

None of the few limestone beds of the Phosphoria has
been studied microscopically, but in hand specimen they
differ little in appearance from the aphanitic dolomite.

CHERT

Chert is both the most common and the most con-
spicuous rock type of the Phosphoria Formation.
Throughout much of the area the more massive beds
of the chert members crop out in cliffs and combs that
contrast with the soil-covered swales formed on the
phosphatic shale members.

As seen in outcrop, the chert ranges in color from
nearly black to white, in thickness of bedding from less
than 0.02 foot to nearly 10 feet, and in character of bed-
ding from planar to very irregular and massive. The
chert may consist almost entirely of microcrystalline
quartz or it may contain considerable amounts of silt
and clay, quartz sand, or—much less commonly—
apatite, calcite, and dolomite. In unweathered sections
the more argillaceous chert is generally dark colored
and thin and even bedded, whereas the purer chert 1s
lighter colored and more irregularly bedded.

The argillaceous chert is particularly susceptible to
weathering. Where fresh, it is olive gray and light-
brownish gray to grayish black, opaque, and dull or
slightly resinous and has a splintery fracture; but on
weathering it becomes weak yellowish orange and dusky
yellow to white, porcelaneous or earthy, and much less
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brittle and splintery in fracture. It may retain cherty-
appearing streaks on the interior of beds, but otherwise
the weathered chert, as seen megascopically, closely re-
sembles siltstone and has often been so described in the
field. In thin section the only difference noted between
specimens of weathered and unweathered chert collected-
from the same bed was a pervasive limonite stain in
the weathered samples.

The purer chert ranges in color on fresh surfaces from
brownish gray and medinm gray to white. The luster
is subvitreous and the fracture subconchoidal. The
thickness of bedding ranges from thin to very thick;
where thin bedded, the individual beds, although con-
tinuous for long distances, commonly thicken and thin
so that the bedding surfaces are undulant. Weathered
surfaces range in color from light gray to weak yellow-
ish orange or pale brown, probably depending on the
original content of pyrite and carbonaceous matter;
but, in marked contrast to the argillaceous chert, even
extreme weathering has little other effect.

The predominant constituent of the chert is micro-
crytalline quartz. The average apparent grain diameter
may be less than § microns or as large as 50 microns,
but it is generally about 10 microns. The grain con-
tacts are sinuous and, in many instances, apparently
gradational, and the extinetion is markedly undulant.
Both the nature of the contacts and the undulant. ex-
tinction may be an aggregate effect (Folk and Weaver,
1952, p. 500). Although the grain size is generally
rather uniform, many samples contain many poorly de-
fined roughly circular areas about 20 microns in diam-
eter, in which the grain size is less than 1 to 2 microns
and within which are many inclusions. In addition to
microcrystalline quartz, chalcedony is present in some
thin sections as fibrous-appearing ribbons and festoons,
as spherulites, and as veins, but it rarely forms more
than a small part of the total authigenic silica.

Clay commonly forms streaks, patches, and poorly
defined laminae in the chert. The amount of clay, both
in hand specimen and thin section, is difficult to deter-
mine, but comparison with the few Al.O, analyses of
these cherts indicates that the clay content has generally
been underestimated, in some beds by amounts of 10 or
15 percent of the total rock. Small quantities of angu-
lar quartz silt are scattered through much of the chert,
and the detrital grains in sandy chert may be either
evenly disseminated in the microcrystalline quartz or
concentrated into sandy lmninae. Scattered dolomite
rhombs 10-20 microns in diameter are common, but they
rarely constitute more than a few percent of the rock.
Quartz pseudomorphs of dolomite are scattered through
some thin sections. Calcite is rare, but where present it
has generally replaced the microcrystalline quartz.
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Iron oxide grains, 5—10 microns in diameter and pseu-
domorphic after pyrite, are scattered through nearly
all thin sections of chert that have been examined. Most
individual grains are cubes, many of which are com-
bined with octahedrons, but some are suggestive of
pyritohedrons. The iron content of the chert beds that
have been analyzed is remarkably high; total iron re-
ported as Fe,O; in the Rex Chert Member at Big Sheep
Canyon averages about 4 percent, and most beds of the
Tosi Chert Member at Sheep Creek contain about. 3 per-
cent.

The amount of carbonaceous matter in the chert is
small compared with that in the mudstone. Most beds
that have been analyzed contain considerably less than
1 percent, and only one contains as much as 2 percent;
vet those containing only a percent or so of carbonace-
ous matter are generally colored black or nearly black.

Apatite occurs as rounded grains of probable organic
origin, as pellets, and as canal fillings and replacements
of siliceous sponge spicules. The total amount of apa-
tite exceeds 4 or 5 percent in only a few chert beds that
are either in or immediately adjacent to the phosphatic
shale members.

The most striking feature of the chert as observed in
thin section is the abundance of siliceous sponge spicules.
The spicules in some thin sections are apparent in plane-
polarized light ; others are inconspicuous in transmitted
light but may be seen readily in reflected light or by
dark-field illumination; in other thin sections the spic-
ules are seen under crossed nicols as laths, ovals, and
circles of quartz more coarsely crystalline than that
of the matrix; in still others, only phosphatic axial-
canal fillings can be seen. Nearly all the spicules are
simple rods (oxea) that range from 0.01 to 0.8 milli-
meters in diameter. A few small diaxial and triaxial
spicules have been noted ; the rays are 10-20 microns in
diameter and consist of isotropic apatite. The axial
canals of the oxea are generally enlarged and have
diameters as large as two-thirds the total diameter of
the spicule. The enlarged canals may be filled with
microcrystalline quartz, isotropic apatite, or, more
rarely, glauconite. Carbonaceous matter is present in
some canals (fig. 1158, but clay fillings have not been
identified. The fact that spicules having very different
amounts of canal enlargement, spicules having quartz-
filled canals, and spicules having apatite-filled canals
may be seen in the same one field of view indicates that
much of the solution of the spicules and filling of the
canals took place before final accumulation of the
sediment.

The apatite interiors of a few spicules seem to have
formed by both the filling of enlarged canals and the
replacement of silicd in the canal walls. The apatite
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cated by the marked thinning of the member in the
Snowecrest and Gravelly Ranges. The manner in which
the member terminates northward is not known, but
there is no reason to believe that any significant part
of the Permian section near Melrose or in the Three
Forks area is equivalent to the Meade Peak farther
south.

From the type area of the Meade Peak Phosphatic
Shale Member in southeastern Idaho northward to Fall
Creek in the Caribou Range of Idaho, the upper part
of the Meade Peak passes into chert.and the lower part
passes into dolomite containing minor chert (R. P. Shel-
don, oral conmunication, 1957). The Meade Peak of

southwestern Montana is thus probably equivalent to
only the central part of the member in southeastern
idaho.
REX CHERT MEMBER

The Rex Chert Member of the Phosphoria Formation
was named by Gale for Rex Peak in the Crawford
Mountains, Rich County, Utah (Richards and Mans-
field, 1912, p. 684). McKelvey and others (1956, p.
2847) pointed out that, although the strata near Rex
Peak that were originally termed Rex consist largely
of dolomite, subsequent usage has sanctioned the name
as applying to the main chert unit of the Phosphoria.
McKelvey therefore retained the name Rex but redesig-
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nated the type locality of the member as the Phosphoria
Gulch area in southeastern Idaho and restricted the
name to the dominantly cherty interval between the
Meade Peak Phosphatic Shale Member of the Phos-
phoria and the nonresistant mudstone and cherty mud-
stone at the top of the formation. As thus redefined, the
Rex Chert Member at the type locality *‘consists of a
basal zone about 20 feet thick of nonresistant chert and

carbonate rock overlain by about 125 feet of resistant
chert” (McKelvey and others, 1956, p. 2847).

The Rex Chert Member in southwestern Montana
consists chiefly of bedded chert and locally contains
minor amounts of cherty mudstone, phosphorite, and
carbonate rock. It overlies the Meade Peak Phosphatic
Shale Member of the-Phosphoria Formation, underlies
the Franson Member of the Park City Formation, and
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intertongues eastward with the lower member of the
Shedhorn Sandstone.

Both the upper and the lower contacts of the Rex
Chert Member are generally sharp and conformable,
but in some of the places where the Rex is directly over-
lain by sandstone, the upper contact is gradational. In
parts of the Centennial Mountains and the Gravelly
Range, the Rex Chert Member intertongues with the

Shedhorn Sandstone so that it is both overlain and
underlain by sandstone.

The Rex Chert Member is approximately 80 feet thick
in the central and western Snowcrest Range (fig. 122:
from there it thins eastward, northward, and westward.
The edge of the member could not be located accurately,
but the Rex may extend as far eastward as the Gallatin
River and as far northward as 10 or 20 miles south of
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Butte. The Rex is only about a foot thick in the west-
ernmost sections; so, it probably ends a few miles west
of Kelley Gulch. It has not been identified at Hawley
Creek.

A certain regularity exists in the vertical distribution
of rock types within the member at several localities.
A complete section consists of thin- and even-bedded
dark-colored somewhat argillaceous chert at the base;
the chert grades upward into lighter colored irregularly

bedded chert that in turn grades upward into light-
colored very thick bedded chert. The complete sequence
is found at only a few localities; that at Hogback Moun-
tain is the best example. The thin- and even-bedded
chert is present at the base of the member in nearly all
the thicker sections. The basal few feet are generally
grayish black or dark gray, but higher in the member
the color is lighter. The irregularly bedded chert over-
lies the evenly bedded chert at many localities, but at
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a few localities, such as Wadhams Spring, very thick.

bedded chert rests directly on the evenly bedded type.
At other localities, Sliderock Mountain for example, ir-
regularly bedded chert continues to the top of the mem-
ber.

Variation of the proportions of the chert types at
different localities results in regional differences in
aspect of the Rex. Thus, most of the member at Little
Sheep Creek and Wadhams Spring consists of thin-
and even-bedded chert, whereas most of the member in
the eastern Snowcrest Range consists of irregularly
bedded chert. Most of the Rex at Sheep Creek is thin-
and even-bedded, whereas at Big Hole Canyon it is very
thick bedded. The sections near Lima that are composed
dominantly of the thin- and even-bedded chert also con-
tain interbedded cherty mudstone that makes up 10 or
15 percent of the member. Cherty mudstone occurs in
the Rex also at Canyon Camp, but it cannot be traced
to any of the neighboring sections.

A phosphatie bed occurs in about the middle of the
Rex Chert Member in the Tendoy Mountains and the
western Snowerest Range. It is more than a foot thick
in places and ranges from phosphatic chert to phospho-
rite in lithologic character. The apatite grains show
the effects of current action, and in most localities the
bed consists of mixtures of well-formed and rounded
pellets, oolites, and skeletal fragments.

The Rex Chert Member ends eastward by thinning
and by intertonguing with the lower member of the
Shedhorn Sandstone. The facies change from chert
to Sandstone is most convineingly shown by comparing
the section at Sliderock Mountain with that at Alpine
Creek (fig. 12). The Rex probably ends to the north
in part by pinching out, but. the upper half of the Rex
in the Tendoy Mountains may be the equivalent of the
lower part of the Franson in the Dillon area.

The lower part of the Rex Member at Big Sheep Can-
yon in the Tendoy Mountains consists largely of mud-
stone and cherty mudstones that intertongue northward
and eastward with chert more typical of the Rex.

The presence of the mudstone and cherty mudstone
and also of a thin phosphorite bed in the Rex Member
in the Tendoy Mountains suggests that at least the
lower half of the Rex in that region may be the equiv-
alent of part of the Meade Peak Phosphatic Shale Mem-
ber of southeastern Idaho. Such a facies change would
be in accord with the regional relationships, for R. P.
Sheldon (oral communication, 1957) stated that the
lowest part of the Rex is formed by progressively older
rocks northward in Idaho.

RETORT PHOSPHATIC SHALE MEMBER

The Retort Phosphatic Shale Member of the Phos-
phoria Formation was named by Swanson (in
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McKelvey and others, 1956, p. 2850) for Retort Moun-
tain in the Blacktail Mountains about 10 miles south
of Dillon, Mont. Although natural exposures exist in
the type locality, in 1959 the member was best exposed
in a bulldozer trench just east of the road crossing the
divide between Small Horn Canyon and Sheep Creek
drainages. This is the Sheep Creek locality, lot 1234,
of this report. The Retort is the D member or unit of
earlier reports.

The Retort Member at the type locality consists of
60 feet of pelletal phosphorite, phosphatic mudstone,
and mudstone—mostly grayish and brownish black—
and contains 11.5 percent P,0Os (or nearly 30 percent
apatite) and nearly 9 percent carbonaceous matter. It
rests conformably on sandstone of the Franson Member
of the Park City Formation, and at the top grades up-
ward through a phosphatic sandstone bed 0.8 foot thick
into the upper tongue of the Shedhorn Sandstone.

The Retort Member is underlain by sandstone and
carbonate rock of the Park City Formation in the Mel-
rose and Dillon areas and west of Lima, but elsewhere
it is underlain by a tongue of the lower member of the
Shedhorn Sandstone. Throughout much of south-
western Montana, the contact of the phosphorite and
dark mudstone of the Retort with the underlying non-
phosphatic light-colored rocks is gradational through
a thickness of generally 2 feet or less, but at Cave Creek,
it is gradational through as much as 6 feet. Elsewhere,
as at the type section, the contact is sharp and
conformable.

The Retort is overlain by a tongue of the Shedhorn
Sandstone from West Fork of Blacktail Creek to Hog-
back Mountain in the Snowcrest Range, at Sheep Creek,
and locally in the Melrose area. It is overlain by non-
carbonaceous mudstone and cherty mudstone of the
cherty shale member of the Phosphoria Formation west
of Lima, but in nearly all other areas, it is overlain by
the Tosi Chert Member. The upper contact is com-
monly gradational through an interval of a foot or less.
Locally in the eastern part of the area, mudstone of
the Retort grades upward into the Tosi Chert Member
through an interval of interbedded chert and mudstone
as much as 20 feet thick, and where such gradation oc-
curs, only the part that is dominantly mudstone is in-
cluded in the Retort.

The Retort Member is about 85 feet thick along an
axis trending northeast from Big Sheep Canyon to
Hogback Mountain. From the axis the member thins
to the east, north, and west (fig. 123). It pinches out
between Sappington Canyon and the Three Forks sec-
tion in the northeastern part of the area, and although
the edge cannot be located elsewhere, it probably ex-
tends southeast from Three Forks to a short distance
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east of Cinnabar Mountain. The member extends at
least 45 miles north of Butte to the Elliston and the
Garrison-Avon districts and perhaps as much as 60
miles to the northwest in the Garnet Range near Drum-
mond. The westward extent of the member is not
known, but the rapid thinning from Big Sheep Canyon
to Hawley Creek and the oolitic nature of the phos-
phorite at Hawley Creek both suggest that the Retort
was not deposited much farther west than the Beaver-
head Range.

The lithologic character of the Retort Member is
shown in figure 124, Apatite is not anywhere dominant,
but it is most abundant in two belts; one belt extends
northward from Lima through Dillon and roughly coin-
cides with the area of maximum thickness of the mem-
ber, whereas the other is in the eastern part of the field,
where the member is thin. This distribution is some-
what similar to that in the Meade Peak Member, in
which apatite is abundant both in the area where the

member is thickest and nearer the feather edge.



STRATIGRAPHY AND PETROLOGY, PERMIAN ROCKS OF SOUTHWESTERN MONTANA

The Retort Phosphatic Shale Member can be divided
into three facies on the basis of the character of the
phosphorite. The facies are (1) The nodular-phos-
phorite facies, characterized by dark argillaceous pel-
letal phosphorite containing 10-20 percent of compound
nodules; (2) the pelletal-phosphorite facies, containing
dark pelletal phosphorite but no nodular, colitic, or
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skeletal beds; and (3) the marginal facies, characterized
by oolitic and skeletal phosphorite. The marginal
facies is found generally east of the Ruby River, near
the Jefferson River, and in the Beaverhead Range; the
pelletal facies is found in the area between the Beaver-
head and Ruby Rivers; and the nodular facies is found
in the Tendoy and Pioneer Mountains. The member in
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part of the northern Madison Range consists of a local
pelletal facies located in the area of the marginal facies.
The overall facies distribution, then, is as follows: The
marginal facies oceurs in the eastern and westernmost
parts of the area; it grades through the pelletal facies
into the nodular facies, which occurs in the area where
the member is the thickest.

The gradation between the pelletal and nodular facies
consists of an increase in the number of nodule-bearing
beds and in the degree of induration of the nodules.
In the Sheep Creek section, for example, few nodules
were apparent in the freshly exposed rock, but weather-
ing over a period of several years revealed compound
nodules similar in size and distribution to those found
in sections farther west, that consisted of pellets some-

11

GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE F:IELD

what better cemented than those in the surrounding
rock.

Although the coincidence is far from perfect, the car-
bonate rock (fig. 125), mostly dark aphanitic dolomite,
is concentrated in the nodular phosphorite facies of
the Retort Member. The content of the carbonaceous
matter (fig. 126) shows no obvious relation to facies.
The Big Sheep Canyon and Kelley Gulch sections of the
Retort are both located in the nodular phosphorite
facies, but the rocks at Big Sheep Canyon are highly
carbonaceous and average 8.4 percent carbonaceous mat-
ter, whereas those at Kelley Gulch, although dark in
color, average only 1.2 percent.

The three facies are further compared in figure 127,
in which frequency diagrams were constructed in the
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same manner as those in figure 105. The nodular phos-
phorite facies consists mostly of phosphatic mudstone
and contains some carbonate rock and carbonatic mud-
stone but little high-grade phosphorite. The pelletal
phosphorite facies, as exemplified by the Sheep Creek
and Hogback Mountain sections, also consists largely
of phosphatic mudstone; it contains practically no cal-
careous and dolomitic beds but does include some high-
grade phosphorite. In the Melrose district, however,
pelletal phosphorite makes up a large part of the facies.
The marginal facies does not have the well-formed
phosphatic-mudstone mode present in the other two
facies but contains a larger proportion of both car-
bonate rock and phosphorite. Details of the frequency
709-931 0—63——5

distributions differ, depending, of course, on which
localities are selected to typify the different facies, but
the general relations discussed above are probably com-
mon to the facies as a whole.

According to McKelvey (1949, p. 272), the beds com-
posing the Meade Peak Phosphatic Shale Member of
the Phosphoria Formation in southeastern Idaho are
remarkable for their great lateral continuity. For ex-
ample, the lower phosphate bed, the “cap” limestone,
the “false cap” limestone, and many other beds can be
traced from the Fort Hall region of Idaho southward
to the Utah border, a distance of about 75 miles. In
the Retort Member in Montana, however, detailed cor-
relations can be made among only a few localities, and,
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in general, individual beds of the Retort are undoubt-
edly less extensive than those of the Meade Peak Mem-
ber in southeastern Idaho.

The Retort Phosphatic Shale Member in the type
section at Sheep Creek, Mont., consists of three parts:
the lower unit, 26 feet thick, consists mostly of inter-
bedded phosphorite and phosphatic mudstone ; the mid-
dle unit, a little more than 15 feet thick, consists of non-
phosphatic carbonaceous mudstone; the upper unit, 19
feet thick, consists of phosphorite and phosphatic mud-
stone similar to that in the basal unit. The upper phos-
phatic unit either pinches out or grades into mudstone
to the west, so that at Cedar Creek the Retort consists
of only the lower two units (pl. 24).

The three units that compose the Retort Member at
the type locality at Sheep Creek could not be traced
with confidence either northward, eastward, or south-
ward. The member at Kelley Gulch consists of three
parts: The lower 30 feet is composed of interbedded
phosphorite, phosphatic mudstone, mudstone, and dolo-
mite; the overlying 14 feet consists of barren mudstone;
and the uppermost 10 feet is composed of mudstone that
contains several interbeds of phosphorite. These three
units are possibly the equivalents of the three units at
the type section and at Dalys Spur, but this correlation
is by no means certain, for the mudstone unit at Kelley
Gulch is intruded by a dike that may have displaced
some strata. Correlating the Retort at Kelley Gulch
with that at Big Hole Canyon by way of the section at
Cave Creek suggests that the upper phosphatic zone at
Kelley Gulch is thicker and more phosphatic and that
the middle mudstone thins eastward in a manner similar
to the changes occurring from Dalys Spur to Sheep
Creek. The Retort Member at Big Hole Canyon would
thus consist of the upper and the lower phosphatic zone,
as at Kelley Gulch, which are not separately recogniz-
able in the absence of the middle mudstone. On the
other hand, correlation by way of the Greenstone Gulch
section rather than the Cave Creek section suggests that
nearly all the Retort at Big Hole Canyon is the correla-
tive of only the lower phosphatic zone at Kelley Guleh.
The Cave Creek section, like that at Kelley Gulch, is
cut by igneous intrusions, and much of the member at
Greenstone Gulch is sheared and faulted ; therefore, no
clear choice can be made between the two possible corre-
lations. The Retort Member at Big Hole Canyon is sim-
ilar to that in the Melrose area, but it contains more
dolomite and has phosphorite that is slightly lower in
grade. The difficulty of correlating southward from
the type area of the Retort is evident from plate 24.

The Retort Member in the Tendoy Mountains con-
tains much carbonate rock in comparison with the mem-
ber in the type locality, and much of the phosphorite is



STRATIGRAPHY AND PETROLOGY, PERMIAN ROCKS OF SOUTHWESTERN MONTANA

nodular. The upper one-third or two-thirds of the
member consists of black mudstone that contains little
apatite. Most of the carbonate rock pinches out north-
eastward from the Tendoy Mountains into the Snow-
crest Range: the phosphorite in the Snowcrest Range
is not nodular but is almost entirely pelletal, and phos-
phorite beds occur at the top of the member (fig. 91).
In the Snowecrest Range, the Retort changes abruptly
in thickness and character within short distances; the
lower half of the member is highly phosphatic at the
West Fork of Blacktail Creek, barren at Sawtooth
Mountain, phosphatic again at Hogback Mountain, and
absent at Canyon Camp. These apparently erratic
changes in the lower part of the section result probably
from the fact that the line of sections crosses and re-
crosses facies strike; the interval actually passes from
interbedded phosphorite and mudstone to barren mud-
stone and finally pinches out. The chert and sandstone
in the middle of the Retort at Hogback Mountain seem
to pinch out to the west rather than to grade into mud-
stone; but to the east in the Gravelly and Madison
Ranges, they may be represented by chert and sand-
stone at the base of the Retort and at the top of the
lower member of the Shedhorn Sandstone.

Whatever the details of the eastward change may be,
the shale and phosphorite of the Retort in the Gravelly
Range appear to be the equivalent of only the upper part
of the member in the Snowcrest Range. The correla-
tion of the member from Alpine Creek in the Grevelly
Range to Indian Creek in the Madison Range is simple
and direct; although the member at Indian Creek con-
tains somewhat more phosphorite, it would not seem out
of place if substituted in the section at Alpine Creek.

Farther south in the Gravelly Range and in the Cen-
tennial Mountains, the upper part of the Retort Mem-
ber consists of nonphosphatic mudstone that is probably
equivalent to the basal beds of the Tosi Chert Member
in the northern Gravelly Range and may be a tongue
of the cherty shale member of southeastern Idaho.

The member also includes progressively younger
rocks from Indian Creek to Shell Canyon in the Madi-
son Range (pl. 22); thus at Shell Canyon, the upper
contact is probably higher in the section than it is in
the northern Gravelly Range section and is probably
also higher than in the Snowcrest Range section. Be-
tween Shell and Jack Canyons, the Retort intertongues
with the lower part of the Tosi Chert Member, and the
contact at Jack Canyon is therefore lower in the sec-
tion than at Shell Canyon.

The correlation of the Retort from Big Hole Canyon
to South Boulder Creek (pl. 19), a distance of 38
miles across facies strike, has been made largely by
analogy with the line of sections shown in plate 21,
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where the lower half of the Retort pinches out to the
east and the upper half passes only to a minor extent
into chert. Thus the Retort at South Boulder Creek
is probably equivalent to the upper part of the mem-
ber at Big Hole Canyon, and the top of the member at
South Boulder Creek is probably little if any lower in
the section than it is at Big Hole Canyon. An alternate
possibility—that the upper part of the member in the
Big Hole Canyon-Melrose area passes northeastward
into chert and that the entire Tosi Member at South
Boulder Creek is therefore the equivalent of the upper
part of the Retort near Melrose—has been advanced
by Rooney (1956b) and is logical on the basis of the line
of sections he presents. However, the correlation from
the Snowcrest Range to the Madison Range and from
there northward along the facies strike to Sappington
Canyon supports the correlation presented herein.

Northward and eastward from South Boulder Creek,
the mudstone of the Retort grades into chert so that at
Three Forks the beds equivalent to the Retort consist of
bedded chert containing thin phosphatic beds.

The changes in both the thickness and the lithologic
character of the Retort from the Lima region westward
can only be surmised inasmuch as at Hawley Creek
most of the interval between the Tosi Chert Member
of the Phosphoria and the Franson Member of the Park
City is covered. The only phosphorite exposed at Haw-
ley Creek consists of oolitic rock that rests directly on
the Franson Member of the Park City Formation, but
the covered interval is littered with muddy-chert and
cherty-mudstone float. Thus, most of the Retort may
pass westward into cherty mudstone, and the Retort it-
self at Hawley Creek is probably thin.

The stratigraphy of the Retort Member in southwest-
ern Montana is summarized as follows: The lower half
of the member pinches out east of the type section and
is absent in the eastern half of the area. The upper
half thins eastward and northeastward and passes into
chert in the Three Forks area. Westward from the
type area of the member, the upper half grades into
mudstone and probably passes into cherty mudstone
farther west. The lower half remains phosphatic far-
ther to the west than the upper half.

Details of the relation of the Retort Phosphatic Shale
Member in Montana to the Retort in western Wyoming
and southwestern Wyoming are uncertain because of
the distance—50 miles—between exposures on the north
and the south sides of the Snake River Plain and the
Yellowstone Plateau. The upper part of the Permian
section in the Gros Ventre Range of Wyoming and at
Red Creek near the southern border of Yellowstone
National Park consists of a thin Retort Phosphatic
Shale Member overlain by about 50 feet of the Tosi
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Chert Member, which is in turn overlain by a tongue of
the Shedhorn Sandstone (Sheldon, 1957, pl. 13; Me-
Kelvey and others, 1956, fig. 2) ; the sequence is very
similar to that found east of the Ruby River in Mon-
tana. The contact between the Retort and Tosi Mem-
bers rises in the section west of the Gros Ventre Range,
so that in the southern Teton Range of westernmost
Wyoming, the upper tongue of the Shedhorn Sandstone
rests directly on the Retort Member, the upper part of
which is probably younger than any of the Retort in
Montana. The same relation is suggested by the ob-
servation that the upper contact of the Retort rises
somewhat in the section south in the Gravelly Range.

According to R. P. Sheldon (oral communication,
1957) the Retort Member in the Big Hole Range of
eastern Idaho is underlain by a highly phosphatic sand-
stone that can be traced eastward at least as far as the
Gros Ventre Range of western Wyoming. In Montana,
the beds underlying the Retort are generally not highly
phosphatic, and the phosphatic sandstone of western
Wyoming is possibly the equivalent of the sandstone
in the middle of the Retort at Hogback Mountain. The
lower half of the Retort in the Lima and Dillon areas
would then be older than any beds included in the Retort
in Wyoming or eastern Idaho. These inferred relation-
ships are illustrated in figure 93.

TOSI CHERT MEMBER

The bedded chert that overlies the Retort Phosphatic
Shale Member constitutes the Tosi Chert Member of
the Phosphoria Formation. The member was named
by Sheldon (in McKelvey and others, 1956, p. 2851)
for Tosi Creek in the southern end of the Gros Ventre
Range of western Wyoming, where it consists of 33 feet
of bedded chert that overlies the Retort Member of
the Phosphoria and underlies the upper tongue of the
Shedhorn Sandstone.

In the westernmost exposures of Permian strata in
southwestern Montana, the Tosi Chert Member consists
of 90-150 feet of bedded chert that overlies mudstone
of the cherty shale member or mudstone and phosphorite
of the Retort Member and underlies calcareous mud-
stone of the basal part of the Dinwoody Formation.
To the east, the Tosi passes into and intertongues with
the upper member of the Shedhorn Sandstone. In the
region from Big Hole Canyon southward to the central
and eastern Snowcrest Range, the Tosi Chert Member
and Shedhorn Sandstone are intertongued throughout
the entire interval between the Retort and the Din-
woody Formation. East of the Ruby River most of the
Tosi oceurs as a distinct unit, 40-80 feet thick, between
the underlying Retort and the overlying upper tongue
of the Shedhorn Sandstone.

GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

Figure 128 shows the regional variation in the thick-
ness of beds assigned to the Tosi. The irregular thin-
ning of the member to the east results in part from
thinning of the interval but mostly from intertonguing
with the Shedhorn Sandstone.

Vertical sequences of chert types that occur in the
Tosi in parts of the area are similar to those in the Rex
Member. In the Gravelly Range the basal few feet
of the Tosi consists of argillaceous thin- and evenly
bedded chert that is dark gray or brownish gray where
unweathered. This chert passes gradually upward into
thin and irregularly bedded chert that is less argillace-
ous and lighter colored. Still higher in the section,
the thickness of bedding is about the same, but the un-
dulant bedding surfaces are less distinct and the upper-
most 10-30 feet of the chert has a massive appearance.
In the Madison Range the chert is also argillaceous and
thin- and even-bedded at the base of the member and
contains many mudstone partings that are less evident
upward. The chert is lighter colored, less well bedded,
and variably sandy in the upper part of the section.

No such regularity in the vertical sequence of the
chert is apparent in the rest of southwestern Montana.
Most of the chert at both Sheep Creek and Wadhams
Spring is argillaceous and thick- and even-bedded. At
Big Sheep Canyon it is highly argillaceous and, for the
most part, thin- and even-bedded. But at Hawley
Creek, nearly all the chert is relatively pure and very
thick bedded.

Although carbonate in amounts exceeding more than
a few percent is uncommon in chert of the Tosi, both
calcite and dolomite occur near the top of the section
at several localities in carbonatic siltstone and chert.
Discrete beds of dolomite, generally cherty, occur in the
Three Forks area and in parts of the Centennial Moun-
tains. Geodal vugs lined with calcite occur at Shell
Canyon in the Madison Range.

A sequence of about 10 feet of sandy, dolomitic, and
locally cherty siltstone beds that occur at the top of the
Periman section in the Gravelly Range and the eastern
Snowecrest Range has been included in the Tosi Chert
Member, although it could nearly as logically have been
placed in the Shedhorn Sandstone. It has not been
placed in the basal part of the Dinwoody because the
beds commonly contain both chert and glauconite, which
are typical minerals of the Permian rocks.

CHERTY SHALE MEMBER

The Tosi Chert Member and the Retort Phosphatic
Shale Member at Big Sheep Canyon are separated by
nearly 60 feet of hard thin-bedded olive-gray mudstone
that weathers into platy fragments. Similar mudstone,
25 feet thick, occurs in the upper part of the Tosi Chert.
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It contains very little apatite or carbonaceous matter.
The contact of the cherty shale member with the under-
lying soft fissle and flaky grayish-black carbonaceous
and slightly phosphatic mudstone of the Retort is sharp,
planar, and distinet. Although the hard platy mud-
stone does not seem to be cherty at Big Sheep Canyon,
it closely resembles much of the rock of the cherty shale
member of the Phosphoria Formation in the Fort Hall
region in southeastern Idaho described by McKelvey
and others (1956, p. 2849). Continuity with the cherty
shale member of Idaho cannot be demonstrated, but the
facies position of the mudstone of Big Sheep Canyon is
such that continuity might be expected ; that is, the gen-
eral basinward trend in the phosphate field is from

chert to cherty mudstone, and there is ne reason to ex-
pect a reversal of the trend between the Lima region
and the type area of the cherty shale member. For
these reasons, the name cherty shale member is tenta-
tively applied to the platy light-colored nonphosphatic
and. noncarbonaceous mudstone at Big Sheep Canyon.
Cherty mudstone is also present at Little Sheep Creek
near Lima and may constitute most of the covered in-
terval beneath the Tosi Chert Member at Hawley Creek;
these rocks are also included in the member.

The cherty shale member at Big Sheep Canyon,
passes eastward and probably northward and westward
into chert of the Tosi Member. To the west, both the
upper and lower contacts of the member may be lower
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in the section, and if the covered interval at Hawley
Creek is composed of cherty mudstone, it is probably
the equivalent of the Retort Member at Big Sheep
(‘fanyon.
LOCALIZATION OF EXPLOITABLE PHOSPHATE
DEPOSITS

Most phosphorite from the western field is treated
either with sulfuric acid to produce fertilizer or in an
electric furnace to produce elemental phosphorus. The
sulfuric acid process requires rock having a minimum
P.Os content of 31 percent, whereas an electric furnace
requires rock having a minimum of about 24 percent
P.O;. Acid-grade rock in beds as thin as 8 feet can be
mined profitably if other factors are highly favorable,
but rock of lower grade must occur in considerably
thicker beds to be exploited successfully. The P,O;
content of phosphatic rock can be increased by as much
as 4 or 5 percent, to the required grade, if the greater
thickness of the minable zone, favorable mining condi-
tions, and favorable location offset the expense of bene-
ficiation. The effects of rock type and of stratigraphic
relations on the localization of deposits of minable
thickness and grade are analyzed briefly here.

As discussed on page 310, the phosphorites can be
grouped into two broad types: (1) those that were
sorted and winnowed by currents, and (2) those that
werenot. Phosphorites of the first group contain little
carbonaceous matter and little or no clastic matrix; ce-
ment, if present, is generally chert or apatite. Quartz-
sand grains may be admixed. In places, beds of cur-
rent-washed phosphorite thicken and thin markedly, as
the apatite sand had apparently been piled into banks
and bars. At two localities in the western phosphate
field—in the Centennial Mountains and near Bear Creek
in the Caribou Range of Idaho (Sheldon, 1957, p. 26)—
phosphorite of this type forms beds 12 feet thick, but at
both places the beds thin markedly within short dis-
tances.

Phosphorites that do not show evidence of significant
current activity are generally argillaceous and carbona-
ceous and are commonly interbedded and interlaminated
with mudstone. The phosphorites and interbedded
mudstones maintain their thickness and character over
a considerable area.

Considering the characteristics of the two groups of
phosphorites, one might expect to find acid-grade beds
of minable thickness in units containing current-washed
phosphorite, but because of thickness changes expect-
able in this type of rock, such deposits would be of rela-
tively small extent. Beds of sandy phosphorite amen-
able to beneficiation might be found, but they would
probably not be sufficiently thick or widespread to jus-
tify the expense. On the other hand, one would not
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expect to find acid-grade beds of minable thickness in
sections composed mostly of the phosphorite that shows
little evidence of current activity, but furnace-grade
beds of minable thickness might occur, depending on
the abundance and thickness of mudstone and dolomite
interbeds. Any such furnace-grade deposits would
probably be of large extent.

In southwestern Montana, current-washed phospho-
rite is found principally in the lower part of the Meade
Peak Member in the Centennial, Gravelly, and Snow-
crest Ranges and in the marginal facies of the Retort
Member. Acid-grade phosphorite of the current-
washed variety has been mined from the Meade Peak
Member in the Centennial Mountains by J. R. Simplot
Company; the high-grade bed there is as much as 11 or
12 feet thick, thins to 4 or 5 feet within short distances,
and is absent locally. Acid-grade rock of minable
thickness has not been found elsewhere in the area dis-
cussed in this report, but it is at least possible that the
basal bed of the Meade Peak Member may thicken suf-
ficiently between measured sections in the Snowcrest
and southern Gravelly Ranges to form small exploit-
able deposits. Approximately 12 feet of sandy cur-
rent-washed phosphorite is present in the Retort Mem-
ber at Cinnabar Mountain, but the rock would require
beneficiation for furnace use. Its presence suggests
that other small deposits might be found near the east-
ern margins of the Retort. Member, but the available
data are not encouraging.

In the area considered in this report, the phosphorite
in the upper part of the Meade Peak Member and in
the pelletal and nodular facies of the Retort Member
is of the variety that shows little evidence of current
activity. Furnace-grade rock has been mined from the
Retort Member in the Melrose area; nearly the entire
member is mined, but some beneficiation is required to
raise the P,O; content of the ore to the minimum grade
required for the furnace charge. A minable thickness
of furnace-grade rock has not been found in the member
elsewhere in the area. South of Melrose mudstone inter-
beds become thicker and more abundant in the Retort.
The upper part of the Meade Peak Member is both too
thin and too low in P,Q; content to be an adequate source
of furnace-grade rock.

SHEDHORN SANDSTONE
GENERAL CHARACTER AND DISTRIBUTION

The Shedhorn Sandstone has been defined as the
dominantly sandy strata of Phosphoria age that occur
within Yellowstone National Park and adjacent parts
of southwestern Montana and northwestern Wyoming
(Cressman and Swanson in McKelvey and others, 1956,
p- 2852). The type section (locality 1362 of this report)
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stone of the Shedhorn, sandstone of the upper tongue
of the formation in the Melrose area contains almost

no detrital chert.
Apatite, generally constituting 4-8 percent of the

rock, occurs as yellowish-brown isotropic sand-size
pellets, as bone or shell fragments, and—less com-
monly—as large roughly oval grains of uncertain
origin (fig. 133). The pellets are subrounded and
well rounded and are about the same size or slightly
larger than the associated detrital quartz grains.
Many contain nuclei of quartz or chert grains, frag-

19 Rooney, L. F., 1956, A stratigraphic study of the Permian forma-

tions of part of southwestern Montana: Indiana Univ., Ph. D. thesis,
p. 19.

ments of siliceous sponge spicules, or glauconite
grains. Few oolites or micro-crystalline pellets have
been seen in the sandstone, a surprising fact con-
sidering the abundance of both in sandy phosphorite.
The large roughly oval grains of uncertain origin
have a maximum length of several millimeters and
range in shape from rather irregular grains to
well-formed ovals. Some contain large quantities
of silt and clay inclusions, others are crowded with
sponge spicules replaced by apatite, and still others
seem to be aggregates of indistinct pellets. The
larger grains may represent both intraformational
fragments and faecal pellets.
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analyses.

Apatite also occurs in some samples as yellowish-
green isotropic rims, about 5 microns thick, around
quartz-sand grains. The boundary between the coat-
ing and the grain is generally somewhat irregular.
Quartz overgrowths may surround the apatite rim.

Glauconite grains are conspicuous in most of the
sandstone In the western edge of the formation but are
uncommon elsewhere. A few samples contain as much
as 20 percent glauconite, but most glauconitic beds con-
tain only 1 or 2 percent. The microcrystalline aggre-
gates are green and yellowish green; weathered grains
are light-brownish green. Morphologically the glauco-
nite occurs as: (1) somewhat irregular grains and ag-

Data from uncorrected thin-section size

gregates, whose form depends partly on the shape of
the surrounding grain; (2) smooth, rounded, generally
equant. grains; and (3) fractured grains having one
curved edge and one or two straight edges. All three
types may be present in the same thin section. Had-
ding (1932, p. 95, 99) considered the first type as hav-
ing formed at the site of accumulation and the second
type as having been transported. Many glauconite
grains contain inclusions of pyrite or of iron oxides
pseudomorphic after pyrite.

Heavy-mineral separations were made of five sam-
ples of the upper tongue of the Shedhorn from Sheep
Creek and Wadhams Spring. The Shedhorn-is so uni-
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of beds throughout the interval. Conglomeratic beds
at the top of the member at Pulpit Rock may indicate
removal of some beds at the top.

The lithologic character changes little, either areally
or stratigraphically. Several sandstone beds in the
Gravelly and Madison Ranges, the Centennial Moun-
tains, and the Three Forks area contain scattered chert
and dolomite pebbles, whereas the sandstone farther
west does not ; but the texture of the sand-size material
remains remarkably constant. Other regional differ-
ences are (1) the prevalence of dolomite cement in the
Gravelly Range but of siliceous cement, both as chert
and as overgrowths, in the Madison Range and the

709-931 0—63—86

Centennial Mountains, and (2) the presence of at least
a few glauconitic beds to the west of the Ruby River
but not to the east.

The lower member of the Shedhorn is the equivalent
of the Rex Chert Member and the Franson Member of
the Lima region and thus of the Rex of southeastern
Idaho. The lower member seems to be younger than
any of the Meade Peak of Montana, but if the upper
contact of the Meade Peak is lower in the section north
of its type area, then the basal part of the lower part of
the Shedhorn may well be the equivalent of the upper
part of the Meade Peak of the Phosphoria Gulch sec-
tion of southeastern Idaho.
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UPPER MEMBER

At the type locality of the Shedhorn Sandstone, the
upper member consists of the sandstone and chert inter-
beds, lenses, and nodules that lie between the Tosi Chert
Member of the Phosphoria Formation and the Din-
woody Formation of Triassic age. Near the type sec-
tion the thickness of the upper member varies from 64
to 81 feet within a few hundred yards along the outcrop.
Tongues of the upper member extend westward to Lima
and the Pioneer Mountains, northwestward to the
Garnet Range near Garrison, and southward to the
Gros Ventre Range of Wyoming.

The upper member is overlain by the Dinwoody
thronghout the Madison and Gallatin Ranges, but in

113°
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much of the Gravelly Range it is separated from the
basal part of the Dinwoody by about 10 feet of glau-
conitie, locally cherty, dolomitic mudstone that is con-
sidered to be a tongue of the Tosi. From the Ruby
River westward to Red Rock Valley and the Pioneer
Mountains, the Tosi Chert Member and the upper
member of the Shedhorn are intertongued throughout
the interval between the Dinwoody Formation and the
Retort Phosphatic Shale Member of the Phosphoria
Formation.

The isopach map of the upper member of the Shed-
horn (fig. 140) shows the total thickness of beds actually
assigned to the member; it therefore shows the approx-

imate total thickness of sandstone in the interval be-
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great as 200 meters, but according to Eaton (1950, p.
142), under normal conditions, the limiting depth of
movement is of the order of 200 feet (about 60 meters).
The class 1T sand in the east Mississippi delta area is,
for the most part, restricted to depths of less than 60
feet (18 meters) (Shepard, 1956, p. 2555). Similar
sand in the Rockport area extends locally to depths of
50 feet (15 meters) but is found mostly above the 35-
foot (11-meter) depth; at La Jolla, however, the sand
extends to depths of 100 feet (30-meters).

The variables of wave height and period are, of course,
not known for Perr‘nia,n time in southwestern Montana ;
so, the depth of deposition cannot be determined di-
rectly from the grain size. However, the facies posi-
tion of much of the sand—shoreward from the bedded
chert—is strong evidence that the sand accumulated at
depths of less than about 50 meters (p. 371). The ex-
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treme seaward edge of the upper Shedhorn sand must
have been at least 100 miles from the shore (fig. 148);
so, the average gradient of the sea floor was not more
than 1.6 feet per mile, much less than the average gradi-
ent of nearly 5.8 feet per mile of the present-day graded
slope off the southern shore of Martha’s Vineyard (Stet-
son, 1939, p. 239). Using theoretical considerations,
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FicUrE 151.—Change in character of size distribution by removal of
coarse fraction. Curve A, hypothetical log normal distribution.
Curve B, derived from curve A by removal of values for all grains
larger than 0.15 mm (2.74¢).

Keulegan and Krumbein (1949) derived an equation
for the stable profile of the bottom slope in a shallow
sea, according to which the sea would be 9 meters (30
feet) deep.100 miles from the shore; the average gra-
dient would be 0.3 foot per mile. Keulegan and Krum-
bein derived the equation on the assumption that no
energy was being expended transporting sediment; so,
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the average gradient of the Shedhorn sea was undoubt-
edly somewhat greater.

The near absence of laminations, ripple marks, and
crossbedding suggests that the sand was thoroughly re-
worked by burrowing benthonic organisms that could
be expected to inhabit the sandy bottom in the inner
sublittoral environment. The sandstone and chert
columns are perhaps direct evidence of such a fauna.

SIGNIFICANCE OF GLAUCONITE

Glauconitic sandstone is found only near the basin-
ward margins of the sandstone sheets. The definite
facies position and the conformation of many grains to
the shape of the surrounding quartz grains indicate
effectively that the glauconite was in large part formed
where it is now found.

According to Burst (1958, p. 315 and 318), the fac-
tors required for the formation of glauconite are (1) a
parent material having a layered silicate lattice, (2) a
plentiful supply of iron and potassium, (3) a favorable
oxidation potential, and (4) a process by which the
parent argillaceous material is deposited or aggregated
into pelletal form. The favorable oxidation potential
is one intermediate between strongly oxidizing and
strongly reducing—the oxygen is sufficient to oxidize all
the organic matter but is insufficient to convert all the
iron to the ferric state (Smulikowski, 1954, p. 96).

As emphasized by Burst (1958), the presence of glau-
conite indicates only the prerequisite conditions and
not any specific environment. Nevertheless, surveys of
glauconite occurrences show that some environments
are more favorable for glauconite genesis than others.
Glauconite forms generally in sea water of normal sa-
linity (Smulikowski, 1954, p. 95), although Shepard
(1956) reported grains of glauconite-like material in
distributary channels of the Mississippi delta. In
modern marine deposits, glauconite occurs most com-
monly between depths of 10 and 400 fathoms, but in the
warmer waters of Indonesia, it is found only below 30
fathoms and in abundance only below 130 fathoms
(Cloud, 1955, p. 488). According to Hadding (1932),
glauconite forms most. commonly in cold water or in
regions where warm and cold currents meet.

Glauconite in the Permian sandstone of Montana
formed in marine water of normal salinity and at depths
not exceeding about 50 meters, as shown by the abun-
dant associated Demospongia spicules. The water
was sufficiently agitated to move sand and suf-
ficiently aerated to support the sponges, indicating that
the Eh required for glauconitization was restricted to
the immediate vicinity of the pellets. The glauconite
pellets do not appear to be internal casts of organisms,
and they may well have been faecal pellets in which the
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oxidation of organic matter would have lowered the Eh
sufficiently to allow glauconitization of included clays.
The distribution of the glauconite pellets may thus re-
flect the distribution of the pellet-producing organism.

Glauconite occurs in the Permian rocks as canal fill-
ings of sponge spicules as well as pellets. The favor-
able local environment may have resulted from the oxi-
dation of organic matter in the spicules, but it is difficult
to imagine the infiltration of parent clay into the nar-
row canals. Perhaps glauconite can form from a par-
ent silica-alumina gel as well as from a pre-existing
layered silicate lattice.

SILTY SANDSTONE AND TAN AND RED MUDSTONE

These rock types are discussed together because they
are laterally gradational and similar in both texture
and composition.

LITHOLOGIC CHARACTER OF SOURCE

The character of the heavy-mineral assemblage of
the silty sandstone is very similar to that of the well-
sorted sandstone, and it, too, indicates that the material
was largely derived from a sedimentary terrain
(Weaver, 1955, p. 181). The silty sandstone and the
mudstone differ in composition from the well-sorted
sandstone, as they contain abundant mica shreds and
clay and traces of feldspar. The presence of mica
shreds and clay may indicate a different enviroment
of deposition rather than a different source, but the
presence of feldspar is more difficult to explain. Its
presence in silty sandstone derived from two different
source areas, both of which subsequently supplied the
nonfeldspathic well-sorted sand, suggests that its
absence in the well-sorted sand resulted either from
more severe weathering at the source during Shedhorn
time or from mechanical sorting during transportation
and at the site of deposition, rather than from any
differences in the source rocks.

LOCATION OF SOURCE

The facies distribution (fig. 142) clearly indicates
that the silty sandstone and the tan mudstone were de-
rived from the same two source areas as the well-sorted
sandstone. The red mudstone was derived from the
northwestern source.

ENVIRONMENT OF DEPOSITION

The parameters of size distribution of the tan and
red mudstone (fig. 149) resemble most closely those of
the delta silt—type ITla—of Inman and Chamberlain
(1955, p. 122, 124), which is found in shallow distribu-
taries and marshes of the Mississippi delta. This seems
an unlikely environment for the Permian sediments.
The good sorting of the red and tan mudstone may
result in part from incomplete disaggregation, and
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the actual sorting may be somewhat poorer. If so, the
samples would more closely resemble the “muds” of
Inman and Chamberlain. These sediments border the
near-shore sands in the Rockport area, but in the east
Mississippi delta are found along the delta front. The
silty sandstone seems most closely related to the tran-
sition sand—class ITTa—of the La Jolla area, which
occurs just seaward of the type IL sand. Fine material
settles out because of reduced wave intensity, and sand
is added to the deposit by gravity movement down the
slope; the transition sand occurs only where bottom
slopes are greater than 1:15 (Inman and Chamberlain,
1955, p. 114). However, in the absence of other evi-
dence of steep slopes, such as slumping, a gradient of
1:15 seems too great to postulate for the Permian sea
floor.

The size distribution curves for two mudstones, two
silty sandstones, and one well-sorted sandstone are
plotted on logarithmic probability paper in figure 152.

GEOLOGY OF PERMIAN ROCKS

IN THE WESTERN PHOSPHATE FIELD

The curves for the two mudstones and for the finer
grained silty sandstone may be interpreted as indicat-
ing that the rocks formed from the simultaneous deposi-
tion of a traction load and of a suspended load, both of
which had a log normal distribution (Groot, 1955, p.
95). Nearly all the coarser grained silty sandstone
probably represents a traction load. Although the
coarse end of the curve is irregular, it does not exhibit
the marked convexity typical of well-sorted sandstone;
this fact indicates that the rock had not been subjected
to reworking after deposition. The lamination com-
monly present in both the silty sandstone and the mud-
stone also indicates the absence of effective wave-gen-
erated currents at the depositional interface.

Both the silty sandstone and the tan and red mudstone
were deposited in water below effective wave base. No
evidence is available to indicate the origin of the color
of the red mudstone. Probably, however, the red color
originated in the source area by weathering or by the
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reworking of pre-existing red beds and was preserved
where the Eh was insufficient to reduce the ferric iron.

CHERT
SOURCE OF SILICA

The immediate source of most of the silica in the chert
was siliceous sponge spicules. Spicules that can be
observed or whose presence may reasonably be inferred
by the presence of canal fillings comprise at least half
and perhaps as much as two-thirds of the silica in the
chert of the Phosphoria. The problem is thereby nar-
rowed to determining the source of the remaining one-
third to one-half of the silica that is present as cement
in spicular chert and in chert in which no spicules can
be seen. The marked enlargement of the axial canals
of nearly all spicules in chert of the Phosphoria, part of
which apparently took place before final burial (p.
316), indicates that the Permian sea was undersaturated
with respect to opaline silica; therefore, the matrix
silica could not have been precipitated directly from sea
water.

Bien and others (1958) found that much of the dis-
solved silica in Mississippi River water is precipitated
by inorganic processes when the river water mixes with
water of the Gulf of Mexico; precipitation occurs
largely by adsorption of soluble silica on suspended
matter as the silica comes in contact with electrolytes of
the gulf water. Silica precipitated in such a manner
might be available for redistribution during diagenesis,
but most would be concentrated in a deltaic or esturine
environment rather than in one of normal marine sa-
linity, which characterized the Phosphoria sea. Inas-
much as inorganic precipitation either directly by super-
saturation or by adsorption seems unlikely to have oc-
curred in the Phosphoria sea, the matrix silica was
probably originally incorporated in the sediment in the
form of siliceous skeletal remains. The remains may
have been microscleres and small megacleres of sponges,
now conspicuously absent in the chert (M. W. de Lau-
benfels, oral communication, 1957), or the delicate sili-
ceous remains of planktonic organisms such as diatoms,
silicoflagellates, and radiolaria.

Although the immediate source of nearly all the silica
was thus probably siliceous organisms, the nature of the
ultimate source is not known. The common association
of deposits of siliceous organisms with volcanic ash has
led some authors to suggest that much of the silica
utilized by the organisms may have been released by
weathering of volcanic ash (Taliaferro, 1933, p. b4;
Bramlette, 1946, p. 41). There is no evidence in the
Permian rocks of Montana of more than a trace of vol-
canic ash from which silica could have been extracted,
but Permian volcanics are common and extensive in
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northern California, Oregon, Washington, and western
Idaho and Nevada, and silica derived from these vol-
canics may have enriched the waters from which the
chert was deposited. However, the calculations dis-
cussed in the following paragraphs indicate that normal
sea water itself could have been an adequate source, and
so extraordinary enrichment need be postulated.

The efficacy of sponges in extracting silica from sea
water is not known, but the ability to planktonic orga-
nisms to extract it can be estimated from (1) the rate
of accumulation of biogenic silica in pelagic sediments,
(2) the rate of depletion of silica in sea water in areas
of high organic productivity, and (3) the rate of pro-
duction of organic matter measured in areas of high
productivity. '

Arrhenius (1952, p. 31) found the maximum rate of
accumulation of biogenic silica in sediment cores from
the east Pacific to have been 860 milligrams per square
centimeter per 1,000 years. The maximum thickness of
bedded chert in the Phosphoria of Montana is about 200
feet (60 meters) (see figure 153). Assuming the chert
to contain an average of 70 percent by volume of non-
detrital quartz having a density of 2.65, a column 1 centi-
meter square and 60 meters high contains 1.113 X104
grams of nondetrital silica. At the maximum rate of
accumulation of biogenic silica determined by Arrhenius
in the east Pacific, 13 million years would have been
required to deposit the silica in the thickest sections of
the chert of the Phosphoria. This is about 30 percent
of Permian time (Holmes, 1960). Present knowledge
of the age of the Phosphoria Formation and its equiva-
lents indicates that this much time may have been avail-
able for deposition of the chert members.

The rate of depletion of silica in sea water in an area
of upwelling can be estimated from oceanographic data.
In the north equatorial divergence in the Pacific Ocean,
the average silicate-silicon content of the upwelling
water below the zone of photosynthesis is about 15 micro-
gram atoms per liter; surface water moving away from
the divergence contains less than 5 microgram atoms of
silicate-silicon per liter (Sverdrup and others, 1942, p.
710), more than 10 microgram atoms per liter having
been extracted by planktonic organisms. If 10 micro-
gram atoms of silicate-silicon per liter (0.6 part per
million Si0,) is the amount of depletion and if the
rate of upwelling is 20 meters a month—240 meters a
year (the rate of upwelling in the California current;
Sverdrup and others, 1942, p. 725)—the amount of
silica extracted annually for each square meter of sur-
faceis:

(240) (10°) (0.6 X107°) =144 grams per year.

Sverdrup’s data (1938) suggest that upwelling in the
California current occurs across a zone about 40 kilo-
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FI6URE 153.—Isopach map of combined Rex and Tosi Chert Members of Phosphoria Formation.

Dashed line encloses area for which volume

calculations are made; X, control point showing measured thickness in feet.

meters wide. If a current of this character had flowed
south-southeastward across the area delineated by the
dashed line in figure 153, a distance of 134 kilometers,
the amount of silica extracted from the sea water yearly
would have been :

144X (40X 10°) (134X 10°) X 10°=7.7 X 10° metric tons.

The volume of chert in the area enclosed by the dashed

line in figure 153 is 6.0X 10" cubic meters. If the

chert contains 70 percent by volume of nondetrital

quartz havirg a density of 2.65, the chert weighs:
(6.0X10™) X0.7X2.65=10.8X 10" metric tons.

It would have taken (10.8X10)/(7.7X105)=1.4X10°
years for the chert to have been formed by a current

of the character postulated. This period is well within
the limit of time available. Silica would undoubtely
be extracted elsewhere than in the zone of upwelling;
so, the time required would be even less. If the belt
of upwelling were wider, the time required would be
reduced correspondingly.

The third method of estimating the organic produc-
tion of silica is to calculate the amount of silica ex-
tracted from the measured rates of production of or-
ganic carbon in the modern sea. The annual production
of organic carbon on the continental shelf off New York
is 160 grams per square meter per year (Ryther and
Yentsch, 1958). At that rate, 4.38X10° metric tons
of organic carbon would have been produced annually
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in the 27,400 square kilometers outlined by the dashed
line in figure 153. Fedosov (1959) listed the relative
content of the principal biogenic elements in marine
phytoplankton as N, 5.5-10; P, 0.14-0.5; Si, 1-22. Red-
field (1958) gave 1:106 as the ratio of phosphorus to
carbon in plankton. Given the median values for sili-
con and phosphorus in Fedosov’s table, the annual pro-
duction of silicon in the area outlined in figure 153
would have been :

4.3810°X11.5=1.5X10° metric tons.
106 0.32

This amount is equivalent to 8.2X10° metric tons of
Si0,. At this rate of production, it would take only
(10.8X10%) /(8.2 X 10°) =340,000 years to extract the
amount of silica in the Permian chert. The time re-
quired would be less if higher rates of organic produc-
tivity are assumed. For example, Riley and others
(1949, p. 114) found the production of organic carbon
in the Florida Straits to be 1.3 grams per square meter
per day, or 475 grams per square meter per year. At
this rate, only 115,000 years would be required to ex-
tract the silica in the chert of the Phosphoria.

In summary, although the time required by the first
method of calculation is near the maximum amount of
time available and although the second and third
methods ignore solution and recycling of silica extracted
by organisms, all three methods indicate that orga-
nisms could extract sufficient silica from normal sea
water to form the bedded chert of the Phosphoria.

Silica, like other nutrients, is rapidly depleted in the
zone of photosynthesis, and a continual renewal of silica
In the surface waters is necessary to support to a dense
population over any considerable length of time. This
renewal may be accomplished by (1) the upwelling of
water from beneath the zone of photosynthesis, (2)
the mixing of waters by turbulence where currents flow
over shoal areas, and (3) the supplying of nutrients by
river waters (Prokopovich, 1952, p. 878). The facies
realtions of the Permian rocks do not indicate the in-
flux of any major system of land drainage; so, the
silica may have been renewed by deeper water rising
along the shelf or by turbulence in a current flowing
parallel to the coast.

ENVIRONMENT OF DEPOSITION

Most of the information in the following paragraph
was supplied by M. W. de Laubenfels (oral communica-
tion, 1957), who kindly examined several thin sections
of the chert.

The assemblage of spicules in the chert of the Phos-
phoria is typical of that produced by the class Demo-
spongia. These sponges are shallow-water forms that
do not thrive below the photic layer (approximately the
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upper 50 meters, although it varies with latitude and
water turbidity; see Holmes, 1957, p. 123). Demo-
spongia can thrive on a rock, coarse-grained sand, or
ooze substrate but not in large numbers on a fine-grained
sand bottom, for the fine-grained sand particles clog the
oscules. Both stagnant water and rapid currents are
unfavorable; the optimum current velocity is probably
about 2 or 3 kilometers an hour. A few genera live in
brakish water, but de Laubenfels believed that the
sponge fauna of the Phosphoria required full oceanic
salinity.

The large and uniform size of the Phosphoria spicules
as compared with those in modern Demospongia as-
semblages suggested to de Laubenfels that the spicules
had been sorted. The apparent sorting of the spicules
had been previously noted, and it had been suggested
that the facies relations between sandstone and chert
resulted in part from winnowing of spicules from the
sand and their subsequent accumulation on the basin-
ward side of the sand (Cressman, 1955, p. 26). How-
ever, the inability of Demospongia to thrive on a fine
sand substrate indicates that no large proportion of
the spicules could have originated in the area of the
sand facies; the rather abrupt facies change from
sandstone to chert resulted more from environmental
requirements of the sponges than from sorting. Al-
though smaller spicules may have been transported
basinward, thus extending the chert facies into deeper
water, the conditions indicated by the ecological require-
ments of the Demospongia must have prevailed through-
out at least the landward portions of the chert facies;
that is, the water was less than 50 meters deep and of
normal marine salinity, and the current velocity was
moderate.

DIAGENESIS

The principal diagenetic changes within the siliceous
sediments were solution of spicules and enlargement of
axial canals, cementation by silica, and alteration of
opal to quartz and chalcedony.

After sedimentation, the silica content of the inter-
stitial water may be expected to increase and, if the
sediment contains sufficient amounts of opaline silica,
to eventually reach saturation. This process is illus-
trated by Emery and Rittenberg’s core 5 (1952, p. 746)
from the Santa Cruz Basin, where the silica concentra-
tion increases to nearly 70 parts per million—approxi-
mately the solubility of amorphous silica at the prevail-
ing temperature of 4°C (Krauskopf, 1956, p. 23)—at
a depth of 190 centimeters below the sediment surface.
The process is also substantiated by the observations of
Arrhenius (1952, p. 88) and Revelle (1953, p. 34), who
found that siliceous tests in pelagic sediments of the
Pacific had been corroded or removed after burial.
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Tests of planktonic organisms and of small and delicate
microscleres would probably be dissolved first, as sug-
gested by the survival of spicules in the more altered
rocks of the Monterey Formation (Bramlette, 1946, p.
48). The amount of silica that must be dissolved from
an opaline sediment to raise the silica content of the
interstitial water to saturation with respect to amor-
phous silica is negligible. If the original sediment con-
sists of 70 percent of sponge spicules having a density of
2.02 (the density of opal with a water content of 8 per-
cent) and 30 percent quartz and if the porosity is 80
percent, only 6.4 X105 grams of silica per cubic centi-
meter need be dissolved to raise the silica content of the
interstitial water from 0 to 80 parts per million. This
amount is only about 0.025 percent of the spicular silica.
Therefore, large amounts of silica can be dissolved from
an opaline sediment only if there is large-scale circula-
tion of undersaturated interstitial water or if there
is simultaneous precipitation.

The mechanism by which silica was precipitated from
the saturated interstitial water is not known, but several
possibilities can be suggested. First, as proposed by
Arrhenius (1952, p. 85) to account for silica-cemented
laminae in sediments of the East Pacific Ridge, silica
might have been deposited from rising interstitial water
heated at depth. In the Permian sediments, however,
there was apparently no way for the entrapped water
to have been significantly heated. Second, according
to Baas Becking and others (1960, p. 276), the pH of
connate water in strongly reducing sediments might
be raised well above 9 by reduction of sulfate and preci-
pitation of the calcium, magnesium, and carbonate or
bicarbonate. The solubility of amorphous silica in-
creases rapidly as the pH rises above 9 but is little af-
fected by pH changes below 9 (Krauskopf, 1956, p. 23).
Interstitial water having a high pH and a high silica
content might have evolved in the mudstone facies.
Silica might have then been precipitated as the water
moved either up the dip or section into the less alkaline
environment of the spicule ooze.

In both cementing mechanisms suggested above, the
matrix silica would have been derived largely from
outside the chert facies. An alternative mechanism is
that the cementing silica was derived from within the
chert facies itself by simultaneous solution and deposi-
tion of opal, as proposed by Bramlette (1946, p. 52)
for the Monterey Formation. At least three mech-
anisms can be suggested. First, differences in solu-
bility between the spicular opal and the precipitated
opal might have resulted from differences in particle
size. Acording to Iler (1955, p. 11), the solubility of
amorphous silica decreases with decreasing grain size
below 50 millimicrons but does not change appreciably
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above 50 millimicrons. The efficacy of such a process
cannot be evaluated until the primary particle size
in sponge spicules and opaline cement is determined.
Second, Weyl (1953, p. 156) has observed that the
solubility of silica is decreased by the chemisorption
of polarizable foreign molecules, dipoles, or charged
particles. The solubility of the cementing opal might
have been less than that of the spicular opal because
of such chemisorption. Third, the opal cement might
have been precipitated as one of the polymorphs of
cristobalite or tridymite that would be less soluble than
the amorphous silica of the spicules. This process is
suggested by the work of Swineford and Franks
(1959), who found that massive opal, opal cement, and
opalized wood in the Ogallala Formation (Pliocene) of
Kansas gave X-ray patterns interpreted as those of
low cristobalite-tridymite, whereas diatomite in the
same formation was composed of amorphous opal.

Much of, and perhaps all, the chert was cemented
during Permian time, as indicated by the large number
of chert grains throughout the Shedhorn Sandstone
and by the occurrence of chert pebbles of Phosphoria
aspect. in conglomeratic beds of Phosphoria age.

The siliceous spicules were originally opal, and by
analogy with more recent sediments, so was the siliceous
cement ; but the chert is now composed of microcrys-
talline quartz and minor amounts of chalcedony. In
general, spicules are not observed in areas composed
largely of chalcedony; so, the preservation of the bio-
clastic texture in most areas of microcrystalline quartz
suggests that the original opal was transformed di-
rectly to quartz without passing through an intermedi-
ate chalcedony stage. In opaline chert of the Mon-
terey Formation, chalcedony occurs generally as vein
fillings or fills the large pore spaces such as chambers
of Foraminifera (Bramlette, 1946, p. 18). Occur-
rences of chalcedony in the chert. of the Phosphoria
may be analogous; chalcedony veins are common, and
chalcedonic spicules might be casts of spicules rather
than composed of the original spicular silica. If com-
parison with the Monterey is valid, much of the chalce-
dony crystallized relatively early and probably direct-
ly from solution, whereas the microcrystalline quartz
formed later from previously deposited opal. It
should be noted, although, that under some conditions
opal can be converted directly into chalcedony (White,
and others, 1956, p. 54)

The undulant bedding surfaces characteristic of
much of the chert are very likely a diagenetic feature,
for they do not resemble any known primary structure.
Although the formation of the undulant bedding can-
not be explained in detail, it probably resulted from
the solution, migration, and redeposition of the silica;
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the character of the bedding depended, at least in part,
on the original permeability of the bed. The bedding
surfaces of the argillaceous chert may have remained
planar because the clay content reduced permeability ;
in contrast, the undulantly bedded chert contains less
clay and was probably originally more permeable, en-
abling silica in solution to migrate greater distances
before precipitation.

DARK MUDSTONE
SOURCE OF DETRITUS

Cressman (1955, p. 23-25) expressed the opinion that
most of the silt and clay was derived from the north-
westerly source area. This conclusion was based part-
ly on the observation that post-Meade Peak sandstone
derived from the east does not grade directly into
mudstone whereas sandstone derived from the north-
west does and partly on the much greater thickness
of argillaceous rocks in the Paleozoic section of Idaho
than in that of central Montana. However, the facies
relations of the upper terrigenous beds of the Grandeur
Member of the Park City Formation (fig. 142) indicate
that fine detritus was supplied from both areas during
at least part of Permian time.

SOURCE OF CARBONACEOUS MATTER

The source of carbonaceous matter in most marine
sediments is marine phytoplankton (Trask, 1939, p.
436-437), and considering the wide extent of carbo-
naceous beds in the Phosphoria, no other source seems
possible.

Rooney (1956) published 10 analyses of the C'2/C*
ratio of organic carbon from the Phosphoria of Mon-
tana; the value of the ratio ranges from 89.90 to 91.26,
and six values fall between 91.02 and 91.26. By com-
paring these values with those for Recent plants pub-
lished by Wickman (1952, p. 252), Rooney concluded
that the carbonaceous matter of the Phosphoria was
most probably derived from plants that grew in stag-
nant water, as the value of the ratio in the Phosphoria
samples was considerably higher than that in present-
day marine plants. (The stagnant-water plants ana-
lyzed by Wickman are lacustrine types.) However,
Craig (1953) found that in most sedimentary rocks,
even in those containing marine fossils, the C2/C
ratio is about the same as in terrestrial plants.
Furthermore, although C'2/C* ratio in most petroleum
is higher than in the Phosphoria, most of the values
for Phosphoria specimens are within the lower limit
of petroleum values (Rankama, 1954, p. 198).
Rooney’s data, although from widely scattered local-
ities and different stratigraphic levels, suggest a south-
easterly increase in the C'2/C'* ratio. Rooney inter-
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preted the trend as reflecting a southeasterly increase
in the stagnancy of the Phosphoria sea; however, the
carbon isotope ratio fs determined not only by the
original isotopic composition of the carbonaceous
matter but also by diagenetic and metamorphic proe-
esses (Forsman and Hunt, 1958, p. 773). In the ab-
sence of more detailed studies of the composition of
the carbonaceous matter, Rooney’s data can be inter-
preted as indicating only that the isotopic composition
of organic carbon in the Phosphoria Formation is simi-
lar to that of organic carbon in other marine formations.

RATE OF PRODUCTION OF CARBONACEOUS MATTER

The amount of carbonaceous matter in the Retort
Member within the area of 20,300 square kilometers—
defined by the dashed line in figure 154 has been deter-
mined from an isopach map of the total carbonaceous
matter to be 2.03X10° metric tons. An approximate
minimum length of time required to produce this much
carbonaceous matter may be calculated by assuming
that the entire area was one of high organic produc-
tivity. If 475 grams of carbon were produced for each
square meter of surface area, a rate that has been meas-
ured in the highly productive waters of the Florida
straits (Riley and others, 1949, p. 114), the amout of
carbon produced yearly in the area outlined by the
dashed line in figure 154 would have been 9.64X10°
metric tons. According to Emery and Rittenberg
(1952, p. 776), less than a sixteenth of the carbonaceous
matter produced off the coast of southern California
reaches the bottom; and according to Trask (1939, p.
441), the organic content is reduced an additional 40
percent during burial and lithification. Given these
values and Trask’s factor (1939, p. 30) of 1.8 for the
conversion of carbon to carbonaceous matter (interme-
diate between the ratios in plankton and in sedimentary
rock), the amount of carbonaceous matter finally incor-
porated in the rock would be

9.64 X 10°) (1.8) (0.60)
16

At this rate, only (2.03x10%)/(6.50X10°)=31,200
years would be required to deposit the amount of car-
bonaceous matter in the Retort Member.

The water over the entire area was probably not as
highly productive as assumed in the foregoing calcula-
tion. A more reasonable estimate of the time required
to deposit the carbonaceous matter may be made by
assuming that an upwelling current similar to that off
the coast of California flowed southward through the
area. (Evidence that such a current existed in Permian
time is discussed on pages 379-380). Sverdrup and
others (1942, p. 938) estimated the annual production
of organic carbon in the area of upwelling off the coast

=6.50X10 % metric tons.
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of southern California to be 215430 grams per square
meter. (iven an intermediate value of 320 grams car-
bon per square meter per year and an upwelling that
occurred across a belt 40 kilometers wide (p. 369), the
amount of organic carbon produced yearly by the cur-
rent flowing a distance of 134 kilometers south-south-
eastward across the area enclosed by the dashed line in
figure 154 would have been 1.72X10¢ metric tons. The
amount of carbonaceous matter finally incorporated in
the rock would have been

(1.7210% (1.8) (0.60)
16
At this rate, (2.03X10%°)/(1.16X10%)=175,000 years
would have been required to produce the amount of
carbonaceous matter incorporated in the rock.

=1.16 X 10° metric tons per year.

ENVIRONMENT OF DEPOSITION

Under conditions of slow deposition, carbonaceous
mudstone such as that in the shale member of the Phos-
phoria could accumulate and be preserved only below
wave base in water containing little or no oxygen. Such
conditions can exist on an open shelf having no topo-
graphic barrier to circulation if the supply of carbo-
naceous matter is great and the waters impinging on
the bottom are oxygen deficient (Richards and Redfield,
1954, p. 281). For example, shelf sediments off the
coast of Angola and Southwest Africa are highly or-
ganic; upwelling supports luxuriant plankton growth,
and a large part of the carbonaceous matter that reaches
the sea floor is preserved because the bottom water is
drawn from the oxygen-minimum layer of the open At-
lantic (Currie, 1953). The presence or absence of bar-
riers to bottom circulation must therefore be deduced
from other evidence. Similarly, the presence of carbon-
naceous matter and the formation of pyrite is not cer-
tain evidence that the bottom water contained H.S and
had a negative redox potential. For example, Emery
and Rittenberg (1952, p. 738, 781) found that surface
sediments in basins off the California coast contain as
much as 11 percent carbonaceous matter, even though
the Eh of the bottom water is positive; their cores show
that negative Eh values and pyrite apparently form
during diagenesis. Even so, highly carbonaceous sedi-
ments most commonly accumulate where bottom circu-
lation is impeded, and in some such areas, reducing
conditions prevail in the bottom waters.

PHOSPHATIC MUDSTONE

Phosphatic mudstone, though a modal type, differs
from weakly phosphatic mudstone only by having a
much higher phosphate content and, if the data from
Sheep Creek may be extrapolated to other areas, by
having a slightly greater ratio of clay minerals to
quartz. The origin of the detrital and carbonaceous
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fractions was probably much the same as for those of
the mudstone; so, only the origin of the apatite is
discussed.
SOLUBILITY OF APATITE

The most pertinent data on the solubility of apatite
are those of Kazakov (1950), who studied phase rela-
tions at room temperature in the system P,0;-CaO-F-
H,O. In his experiments that were conducted in the
pH range found in the oceans, the CaO concentrations
were well below that of sea water; so, his solubility data
cannot be applied directly to natural conditions. The
general relationships however, are informative. Very
generally, Kazakov found that in acid or near neutral
solutions Ca,P,0s-H,O is precipitated, but in those
having a pH more than about 7.1, the apatite Cas(PO.)s
(F,OH) is the stable phase. The solubility of the
apatite increases slowly as the pH decreases from 10.5
to about 7.9 and then increases rapidly as the pH de-
creases further.

SOURCE OF PHOSPHORUS

It has generally been accepted that marine waters
were the source of phosphorus in the Phosphoria. Mec-
Kelvey and others (1953, p. 56-57) calculated that the
Phosphoria Formation in all the western field contains
1.7X 10" metric tons of P,0;, which is more than five
times the amount in the ocean, and that over a period
of 15 million years, about half of Permian time, between
15X 102 and 68X10%2 metric tons of P,0O; would be
added to the sea. They conclude that the ocean would
have been an adequate source for phosphate of the Phos-
phoria but that oceanic circulation through the area
would have been necessary.

MANNER OF DEPOSITION

Various hypotheses on the origin of marine phospho-
rites have been summarized by Mansfield (1927, p. 862)
and by Kazakov (1987, p. 95). In general, the hypo-
theses may be divided into two groups—the chemogenic
and the biogenic.

The most comprehensive and persuasive hypothesis of
the chemogenic origin of marine phosphorites has been
advanced by Kazakov (1937). Briefly, Kazakov be-
lieved that phosphate is precipitated where deep waters
of the sea basins, rich in phosphorus, ascend a shelving
bottom. Precipitation results from decreasing partial
pressure of CO,, and thus increasing pH, as the water
rises. Kazakov stated that precipitation cannot occur
either in the zone of photosynthesis, where phosphorus
is extracted by organisms, or in the deep regions of the
sea, where the CO, content is too great; the most favor-
able depth is stated to be between 50 and 200 meters.
The necessary conditions for precipitation are a direct
connection of the zone of precipitation with the part
of the ocean that lies from 200 to 500 meters below the
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surface and the existence of cold phosphate-rich bottom
currents that ascend the shelf into.the zone of pre-
cipitation. A more detailed summary of the work of
Kazakov and a discussion of its application to the
Phosphoria Formation is found in a paper by McKelvey
and others (1953). Van Vloten (1954, p. 140) pointed
out that, contrary to the assumptions of Kazakov, up-
welling currents are not warmed very much below the
photic zone, and oceanographic data (Sverdrup and
others, 1942, fig. 198) indicate that below the photic
zone, temperatures, salinity, and oxygen content all
remain relatively constant in the upwelling mass.
As discussed on page 3877, colitic phosphorite
resulted directly from precipitation of apatite from sea
water, but these beds, formed at depths of less than
60 meters, contain only a small amount of the total
apatite in the Phosphoria.

The biogenic hypotheses postulate that the phos-
phorus is extracted from sea water by organisms.
After death of the organisms, the phosphorus then dis-
solves and is then precipitated inorganically. A vari-
ant on the hypothesis proposed by Breger (1911) is
that the phosphorus is extracted from sea water by
microorganisms and deposited directly as the phosphate
mineral.

The adequacy of the hypothesis indicating extraction
by planktonic organisms may be tested by computing
the amount of time necessary for organisms in an area
of high organic productivity to extract an amount of
phosphorus equivalent to that in the Retort Member.
If 475 grams of organic carbon were produced each
year for each square meter of area, 9.64X10° metric
tons of carbon would be produced yearly in an area
equivalent to that outlined by the dashed line in figure
154. If 1:106 is the ratio of phosphorus to carbon in
plankton (Redfield, 1958), 9.1X10* metric tons of
organic phosphorus would be produced. This amount
should be reduced by one-fourth, or to 6.8 X10* metric
tons, to account for recycling within the photic zone
(Sverdrup and others, 1942, p. 40). The Retort Mem-
ber shown within the dashed line in figure 154 contains
9.4X10% metric tons of apatite, or 1.6X10% metric
tons of phosphorus. At the assumed rate of organic
production, (1.6X10%)/(6.8X10%)=235,000 years
would be required for the plankton to extract the
amount of phosphorus in the Retort. If the more
reasonable assumption is made that high organic pro-
ductivity was restricted to a zone of upwelling similar
to that off the coast of California (p. 369), the time
required to extract the phosphorus in the Retort would
have been 1,300,000 years.

In the ocean, inorganic phosphorus is rapidly liber-
ated from sinking, decaying plankton (Barnes, 1957, p.
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304), and most of the phosphorus is apparently released
within the upper few hundred meters of the water
column (ZoBell, C. E., 1946, p. 167-169). Therefore,
in order for any large amount of the phosphorus ex-
tracted by the plankton to have been incorporated in
sediment, it seems necessary to assume that most of
the Phosphoria sea below the zone of photosynthesis
was saturated with phosphorus. The release of phos-
phorus from decaying plankton would thus have re-
sulted in supersaturation and precipitation.

With our present knowledge, we are not able to
determine whether most of the apatite pellets resulted
from biogenic or strictly chemogenic processes. More
information is needed on the character of marine water
in areas of upwelling and in other highly productive
areas before it can be known whether any large amount
of apatite can be precipitated by rising waters below
the zone of photosynthesis or whether any conditions
exist under which a large proportion of phosphorus ex-
tracted by planktonic organisms can be incorporated
into the bottom sediment.

ORIGIN OF PELLETS

The pellets in the phosphatic mudstone do not appear
to have been transported but were probably formed
either at the surface of or within the unconsolidated
sediment. Neither do they appear to have resulted
from replacement of calcite pellets or oolites; for not
only have we seen no evidence of any such replacement
features, but we do not know of any calcareous sedi-
ment that even remotely resembles the phosphatic mud-
stone in texture.

The phosphatic mudstone is similar in texture to mud
of the Clyde Sea area that consists largely of faecal
pellets (Moore, 1931, p. 337). Nearly all the phyto-
plankton is eaten by animals (Harvey, 1955, p. 40),
but Moore found that the pellets of planktonic orga-
nisms are friable and break down and that most of the
pellets in the sediment are those of burrowing benthonic
organisms. The apatite pellets of the Phosphoria may
indeed be faecal pellets that have been infiltrated by
phosphate, but. the fine alternate lamination of pellets
and mudstone and of silt and clay that is common in
many specimens indicates that the sediments were un-
disturbed after deposition and suggests that bottom-
dwelling and burrowing organisms were not common.

As pointed out. by McKelvey and others (1953, p. 61),
both natural phenomena and industrial pelletizing
processes demonstrate that fine-grained particles may
be aggregated in many ways, and a faecal origin is
not proved merely by the presence of pellets. Rather,
the pellets may have formed directly by precipitation
from sea water, or they may have resulted from in-
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organic accretion of phosphatic material disseminated
through the freshly deposited sediment.

BIMODAL FREQUENCY DISTRIBUTION OF MUDSTONE

The occurrence of distinet mudstone and phosphatic-
mudstone modes in the frequency distribution of rock
types in the Retort Member could have resulted either
from a preferred rate of apatite deposition or from a
preferred locus of deposition. Analysis of data from
the Sheep Creek section has shown that the acid insolu-
ble/Al,O; ratio in phosphatic mudstone is higher than
that in weakly phosphatic mudstone, which suggests
that the bimodality resulted from a preferred locus of

100
A, control point, data approximate.

of all beds in the member at each locality.

deposition. That is, phosphatic mudstone was, in
general, deposited in quiter and probably deeper water
than was the weakly phosphatic mudstone.

SUMMARY

Most phosphatic mudstone was deposited in quiet
water below wave base. Although the surface water
was sufficiently aerated to support large quantities of
plankton, the bottom water contained little or no
oxygen. Apatite may have been precipitated inorgani-
cally by an increase in the pH of upwelling water; but
much, and perhaps most, of the phosphate was probably
derived from planktonic organisms that extracted it
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in the euphotic zone but settled into deeper phosphorus-
saturated water after death. The pellets may be re-
placed or infiltrated faecal pellets or may have resulted
from inorganic accretion of disseminated phosphate
within or at the surface of the sediment. Phosphatic
mudstone was deposited in probably less agitated water
than was weakly phosphatic mudstone.

PHOSPHORITE

Much of the preceding discussion applies to those
phosphorites that do not seem to have been reworked
as well as to phosphatic mudstone. However, the ratio
of organic carbon to phosphorus in these phosphorites
1s much lower than in phosphatic mudstone. Several
explanations are possible: (1) the apatite may have
been precipitated inorganically from the sea water;
(2) phosphorus may have migrated from adjacent
beds; (3) currents may have removed carbonaceous
matter without disturbing either the pellets or fine
clastic material; (4) the oxygen content of the bottom
water may have been sufficient to oxidize most of the
carbon that reached the sea floor; or (5) part of the
carbonaceous matter may have been converted to hydro-
carbons that subsequently escaped. Whichever ex-
planation is correct, it need apply to only a minor
amount of the total apatite, for this type of phosphorite
is not abundant in Montana.

A large proportion of all phosphorites and most
high-grade phosphorites have been subjected to current
activity and are, to some extent, mechanical concen-
trates. The following discussion refers to this type.

The immediate source of the phosphorus was three-
fold: (1) apatite pellets were reworked from phos-
phatic muds; (2) phosphatic skeletal fragments were
supplied by organisms; and (3) apatite was precipi-
tated from sea water in layers surrounding nuclei of
skeletal fragments, apatite pellets, or quartz and
chert grains. That the apatite oolites common in these
phosphorites resulted from direct precipitation of the
phosphatic material, and not from replacement of cal-
careous oolites, is indicated by the fact that most nuclei
are skeletal fragments and pellets that were themselves
originally phosphatic.

Many phosphorite beds contain fine and medium
quartz sand ; so, they must have been deposited at about
the same depth as were sands of the Shedhorn—that
is, in water less than 60 meters and probably less than
30 meters deep. On the Bahama Bank, calcareous
oolites occur in areas of particularly strong tidal cur-
rents and on beaches where warm wave-generated cur-
rents wash back and forth over them; they do not
begin to form until the water is sufficiently warmed
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to become supersaturated with calcium carbonate
(Illing, 1954, p. 43). Much of the Bahaman oolitic
sand has been heaped up by currents into great sub-
marine ridges or “dunes” (Newell and Rigby, 1957,
p. 56). The oolitic phosphorites of the Phosphoria are
so similar in texture to the Bahaman oolitic sands that
they, too, probably formed in extremely shallow water
where they were continually moved back and forth
by waves. The irregular distribution of the basal
phosphorite of the Meade Peak Member in the Cen-
tennial Mountains and in Yellowstone National Park
suggests comparison with the submarine “dunes” of
the Bahamas.

Reworked pelletal phosphorites were formed prob-
ably in somewhat deeper water, where the current
velocity was sufficient to remove the fine detritus but
not necessarily strong enough to move the pellets any
significant distance. Similar-appearing calcareous
sand on the Bahama Bank forms by aggregation of
calcareous silt where the current is sufficiently strong
to remove matrix silt and to prevent the formation
of multiple aggregates (Illing, 1954).

The apatite oolites have obviously formed in water
that was saturated with phosphorus, and inasmuch as
the water was both shallow and agitated, the pH was
certainly above 7.8, probably above 8.0, and perhaps
as high as 82 (Sverdrup and others, 1942, p. 209;
Bruneau and others, 1953, table 1). The absence of
significant calcite or dolomite in the shallow-water
phosphorites suggests that either the salinity or the
temperature, or both, were lower than in areas of
carbonate deposition of the present day. Trask (1937)
showed that in positive correlation exists between
salinity of surface water and the calcium-carbonate
content of modern marine sediments and noted that
where the surface salinities are less than 34 parts per
thousand the carbonate content of the sediment is gen-
erally less than 5 percent. The oolitic apatite rings,
therefore, were probably deposited where water—
saturated or nearly saturated with phosphorus but
having a salinity of 34 parts per thousand or less—
entered a shallow area where the pH was increased
by contact with the atmosphere and by biologic
processes.

After burial, many of the current-deposited phos-
phorite beds were cemented by clear apatite. The
phosphorus in the apatite cement must have migrated
a significant distance, for neither the entrapped water
nor the small amount of carbonaceous matter that could
survive in an agitated shallow water environment
would have been an adequate source, although solution
at grain contacts might have supplied small amounts.
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CARBONATE ROCK
PARK CITY FORMATION

By far the greater part of the carbonate rock in the
Park City Formation of Montana is dolomite. The
skeletal dolomite was formed from the replacement of a
calcareous sediment, but the much more common
aphanitic dolomite bears no direct evidence of either
primary or secondary origin; however, inasmuch as
there is no clear evidence that dolomite has ever been
directly precipitated in a marine environment (Fair-
bridge, 1957, p. 180), we assume that the aphanitic
dolomite has also resulted from replacement.

The source of the calcium carbonate in the skeletal
rocks is obvious, but the aphanitic carbonate rocks may
have formed either as a primary precipitate or as an
accumulation of comminuted shell debris. Whether
the sediment was of organic or inorganic origin, the
water must have been nearly saturated with calcium car-
bonate, at least in the surface layers; for unlike silica,
calcium carbonate éan be extracted in quantity by
organisms only when the salinity is high and the water
is nearly saturated (Trask, 1937, pl. 71; Sverdrup and
others, 1942, p. 999). During deposition of the car-
bonate of the Park City Formation, the surface
salinity was therefore probably greater than 34 parts
per thousand.

The carbonates were deposited under a wide range of
current conditions. Much of the aphanitic dolomite in
the Grandeur Member of the Park City was deposited
in tranquil water, which, in the absence of any physio-
graphic barriers, must mean depths below 30 or 40
meters. On the other hand, skeletal rocks of the
Franson Member must have accumulated above wave
base.

Sheldon (1963) showed that in the Permian of
western Wyoming, dolomite occurs shoreward from
limestone of equivalent age; the distribution of rock
types in the Franson Member of Montana (fig. 103)
suggests a similar relationship. These facies positions
of limestone and dolomite indicate that dolomitization
took place soon after deposition. The grain size of the
calcite (or aragonite) lutites was preserved during the
dolomitization, but the presence of sandy aphanitic
dolomite indicates that aggregate structures such as

pellets and fossil fragments were destroyed in some
beds.

PHOSPHORIA FORMATION

Carbonate rock in the shale members of the Phos-
phoria Formation is interbedded with mudstone and
phosphorite that accumulated below wave base in
tranquil oxygen-deficient water, which are conditions
unfavorable for the growth of a benthonic fauna. The
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carbonate beds must have been deposited under similar
conditions; so, it seems unlikely that they could repre-
sent accumulations of comminuted or altered shells of
bottom-dwelling organisms. Inasmuch as pelagic Fo-
raminifera did not exist until the late Mesozoic,
the Phosphoria carbonate was probably precipitated
inorganically.

The paucity of rocks intermediate in camposition
between carbonate rock and mudstone or between car-
bonate rock and phosphorite (fig. 105) indicates that
carbonate was deposited much more rapidly than either
the fine detritus or the apatite. This accords with the
statement of Krumbein and Garrels (1952, p. 9) that
when calcite and phosphorite coprecipitate because of
PH increase, the ratio is very high in favor of calcite;
so, the resulting sediment is composed of calcite and
only a trace of phosphorite. The carbonate beds of
the shale members, therefore, may have been precipi-
tated by a slight increase in pH, but an increase in
salinity might also have resulted in precipitation.

In isolated basins in which the renewal of bottom
water is slow, the deeper water tends to become sat-
urated with calcium carbonate (Fleming and Revelle,
1939, p. 101). It is not surprising, then, that inter-
bedded carbonate rock in both shale members of the
Phosphoria of Montana is most commonly found in
the nodular phosphorite facies which accumulated in
the deepest part of the sea.

PALEOGEOGRAPHY

Permian paleogeography has been reconstructed
from the distribution of facies and from conclusions
on the origin of rock types and is thus more tenuous
than either. Use of alternate correlations and alter-
nate hypotheses of origin could alter the paleogeo-
graphic maps considerably, but the reconstruction
presented here is that which is best supported by the
available evidence and is probably consistent and
plausible.

The inferences on which the paleogeographic maps
(p. 25) are based are as follows:

1. Well-sorted sandstone accumulated at depths of less
than 30 meters.

2. Silty sandstone accumulated below wave base on
slopes steeper than those on which well-sorted
sand was deposited.

3. Chert accumulated as a spicule ooze at depths gen-
erally less than 50 meters.

4. Oolitic phosphorite accumulated in agitated water
at depths not greater than a few tens of meters.

5. Sand was derived from a source area in central
Montana and from a source area near the Bitter-
root Range.
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6. The land areas are assumed to have been emergent
only during those times in which their presence is
clearly indicated by facies distribution.

The depths of water indicated for deeper parts of the

basin during deposition of the Meade Peak and Retort

Phosphatic Shale Members of the Phosphoria For-

mation are only rude estimates.

The evidence for the existence of two source areas
has been discussed previously, but it should be empha-
sized that neither the configuration nor the size of
either source is known and that although the general
location of the source of the eastern detritus can be
deduced with some confidence, only the general direc-
tion in which the source of the western detritus lay is
known. In the following discussion the source of the
western terrigenous material is termed the “western
source,” and that of the eastern terrigenous material,
the “eastern source.”

Although the rocks can be divided with little diffi-
culty into those deposited above and those deposited
below wave base, only relative depths of accumulation
can be determined within the deeper water group.
For example, the nodular phosphorite facies of the
Retort Member was deposited in the deepest part of
the basin, but this may have been as shallow as 100
meters or as deep as 1,000 meters. In the Pacific Ocean
of the present day, the oxygen-minimum layer is at
depths of 300400 meters, and if the bottom water of
the Retort and Meade Peak seas was drawn from this
layer, the deeper parts of the basin must have been
under at least 300 meters of water. Richards and
Vaccaro (1956) found that in the Cariaco Trench off
the Venezuelan coast, anaerobic conditions are found
only below depths of about 375 meters, although the
maximum depth of the sill seperating the basin from
the rest of the Caribbean is only 150 meters. If the
bottom circulation in the Meade Peak and Retort seas
was restricted by topographic barriers, we might infer
from comparison with the Cariaco Trench that the
highly carbonaceous rocks of the shale mmbers were
deposited under at least several hundred meters of
water.

Several interesting relationships are suggested by
the paleogeographic maps. Neither the eastern nor the
western source supplied much sand while phosphorite
and carbonaceous mudstone were being deposited, and
there is mo conclusive evidence that either source was
emergent during most of Meade Peak and Retort times;
large amounts of bedded chert were formed when the
western source supplied only small amounts of sand
(Rex time) or no sand at all (Tosi time). These were
the times during which the surface water was less than
34 parts per thousand in salinity but, as shown by the
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sponge fauna, was still sufficiently saline to be con-
sidered normal marine in character. They were also
times of high organic productivity. On the other hand,
when the western source was supplying large quantities
of sand, the salinity of the surface water was greater
than 34 parts per thousand, and carbonatic sediments
were deposited. Exceptions to these relationships

“would seem to have occurred during Early Grandeur

time, but if the Grandeur Member of the Park City
is equivalent to the upper part of the Wood River
Formation, a western land existed, but west of the
area of this report.

Whenever the distribution of detritus indicates that
a strong and persistent current existed, the current
flowed southward and southeastward. The first evi-
dences of the current are seen in the upper part of the
Grandeur Member of the Park City Formation. The
current influenced the distribution of shallow-water
sediments in both Franson and Tosi time, and it pre-
sumably persisted through Meade Peak and Retort
time. When the western source was supplying sand,
the current apparently flowed through the extreme
southwestern part of the area; but when the western
source was not supplying sand, as during Tosi time, the
current flowed south thr(;ugh the central part of the
area. During such times, the salinity and probably
the temperature were low. The current was thus simi-
lar in both direction of flow and in the character of the
water to the southward-flowing California current of
the present Pacific, which consists of cool (10°-15°C)
subarctic water having surface salinities of 33 to 34
parts per thousand (Sverdrup and others, 1942, charts
2,3,and 4). The Permian current, like the California
current, was probably part of the major northern
Pacific circulatory system.

Permian geography west of the area of this report
is not well known, for the nearest rocks known to be of
post-Wolfcamp Permian age are in the Seven Devils
region of western Idaho, about 150 miles west of the
Beaverhead Range (Anderson, 1930). These rocks are
marine volcanics. The Casto Volcanics, which occur
about halfway between the Seven Devils region and the
Beaverhead Range, are somewhat similar to the Seven
Devils Volcanics and may be Permian (Ross, 1927),
but neither their age nor their environment of deposi-
tion is known. Land areas, perhaps large ones, may
have existed west of Montana, as suggested by Ross
(1934, p. 999), even during those times in which their
existence is not reflected in the distribution of detritus,
but the evidence of a persistent southward-flowing
current of North Pacific character strongly suggests
that any such land areas were insular.
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At the present time, intermittent upwelling occurs in
the California current at least as far north as the lati-
tude of southwestern Montana. The prerequisite for
upwelling along a western coast in the Northern Hemi-
sphere is a prevailing wind having a southward com-
ponent parallel to the coast (Sverdrup and others, 1942,
p. 501) ; the driving force for upwelling in the Cali-

fornia current is the northeasterly trade winds and the |

westerlies that in the summer actually blow over the
coast from the northwest. Poole (1957) concluded
from the analyses of the direction of eolian crossbed-
ding on the Colorado plateau that during Paleozoic
and early Mesozoic time the Northern Hemisphere
trade-wind belt was 10° to 20° farther north than at
present. If so, Montana was well within the zone of
northeast trade winds.

Even though the western source may not have been
subaerially exposed in Meade Peak and Retort times,
the general area of the Beaverhead Range was shal-
lower than the basin to the east and may have served
to restrict the circulation of bottom water in the south-
western Montana basin.

TECTONISM

During most of Paleozoic time southwestern Montana
was a semistable cratonic shelf separated from the
Rocky Mountain geosyncline of central Idaho by a
recurrently positive hinge that migrated between the
Tendoy Mountains of Montana and the Lemhi Range
of Idaho (Scholten, 1957, p. 168). The relations of
the Permian of southwestern Montana extend this con-
cept of the Paleozoic tectonic framework into Permian
time.

The general area of the Beaverhead Range subsided
less rapidly than did the Tendoy-Snowcrest area in
Permian time, and by analogy with the earlier Paleo-
zoic it may be considered to be part of the hinge sepa-
rating the semistable cratonic shelf of southwestern
Montana from a geosyncline to the west. The width
of the hinge area is not known, but thick eugeosynclinal
deposits were being formed in westernmost Idaho.

The area now occupied by the Snowcrest Range and
the Tendoy, Blacktail, and Pioneer Mountains was sub-
merged throughout Permian time. Although the area
was mainly one of subsidence, intermittent uplift
periodically brought deeper water sediments to above
wave base, resulting in the winnowing and reworking
of the sediments and in the superposition of shallow-
water sediments on deep-water sediments.

The area east of Ruby Valley may be considered to be
part of the craton proper. The part of the area from
the Gravelly Range to the Gallatin Range was sub-
merged most of the time, but the water was shallow
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and the accumulated sediments were relatively thin.
During at least part of Retort time, the area of the
Madison Range appears to have subsided more than
the areas of either the Gravelly or Gallatin Ranges.
The Sweetgrass Arch and the Central Montana Plat-
form were low positive areas much of the time, but
movements of small amplitude resulted in expansion
and contraction of the land area and in intermittent
reworking of sediments about its margin.

The vertical movements of the three major tectonic
elements—the eastern source area, the southwestern
Montana basin, and the northwestern source area—are
illustrated in figure 155. The sequence of uplift and
subsidence in the Beaverhead Range was probably
similar to that of the western source area, but the
range was entirely below sea level. The three tectonic
elements moved in concert from the beginning of
Meade Peake time through Retort time, but not in
Grandeur or Tosi times.

The uplift and subsidence from the beginning of
Meade Peak time through Retort time when the three
elements seem to have moved together may have re-
sulted from eustatic changes in sea level, but differential
vertical movements, perhaps basement-controlled, seem
to have occurred during Grandeur and Tosi times.

Both the basal bed of the Meade Peak Member and
the uppermost bed of the Permian sequence are shallow-
water deposits over most of the area; so, the thickness
of beds from the base of the Meade Peak to the base of
the Dinwoody is a close estimate of the net amount of
subsidence in post-Grandeur time (fig. 156). Maxi-
mum net subsidence was about 500 feet in the vicinity
of Lima. The Beaverhead Range subsided nearly 300
feet; half of the subsidence took place in Tosi time.
Subsidence in the northern and eastern parts of the
area can only be estimated because of post-Permian
erosion, but it probably amounted to less than 200 feet.

TRANSGRESSION AND REGRESSION

The sequence of Permian strata in western Wyoming,
which is very similar in character to that in south-
western Montana, was explained by Sheldon (1957, p.
152) as having resulted from two transgressions and
regressions of areally zoned environments. The major
features of the Permian sequence in southwestern Mon-
tana may be explained in a similar manner. The phos-
phatic shale members represent two transgressions,
whereas the two members of the Shedhorn Sandstone
and their equivalents represent two regressions. The
record in Montana, however, is not as clear as that in
Wyoming. Transgressive and regressive relationships
are obscured by sand from two source areas that were
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FIGURE 155.—Verticle movements of Permian tectonic elements.

not always rising or subsiding simultaneously, and in-
termittent uplift of the source areas destroyed parts of
the record in the marginal parts of the basin.

SUMMARY OF PERMIAN EVENTS IN
SOUTHWESTERN MONTANA

During Quadrant time, sand was spread westward
across southwestern Montana. Deposition kept pace
with subsidence and the sea remained shallow over the
entire area, but in Early Permian time either increas-
ing subsidence or a decreasing supply of sand resulted
in a lowering of the sea floor in the areas west of the
Ruby River and in the deposition below wave base
of carbonate lutite of the Grandeur Member. The car-
bonate facies may have transgressed eastward. In
central Idaho a land area probably existed that to some
extent restricted oceanic circulation in the southwestern
Montana sea. The Grandeur sea was relatively warm
and saline and lacked strong currents.

Toward the end of Grandeur time subsidence in the
center of the basin was accompanied by a complement-
709-931 0—63— 8

ary uplift in the eastern source area located in central
Montana and by uplifi. of a source area to the north-
west, perhaps near the site of the Bitterroot Range.
Both sources were composed of older sediments. A
Current flowed southeastward through the southwest-
ern corner of the area and distributed detritus from
the northwestern sourcs area. Carbonate continued to
be deposited.

The record of earliest Meade Peak time is not pre-
served in Montana, for whatever sediments may have
been deposited were removed on subsequent uplift.
The first Meade Peak sediments preserved in the area
were deposited in a siallow sea that in most places
could not have been more than a few tens of meters
deep. Neither source area supplied sand, and both may
have been submerged. Water rich in phosphorus
moved upward onto the shallow shelf and became su-
persaturated by an increase of pH that resulted from
photosynthesis and from contact with the atmosphere.
Apatite was then deposited in the shallow agitated wa-
ter as oolitic rings aroind nuclei consisting of skeletal
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fragments, reworked pellets, and quartz grains. The
oolites were continually washed back and forth and in
places were piled up in banks. The water was cool
and, although still normal marine in character, of rela-
tively low salinity.

The rate of subsidence increased in late Meade Peak
time, and the sea floor in much of the area was lowered
well below wave base. A submarine ridge near the
Beaverhead Range may have restricted bottom cireu-
lation. A ecurrent, probably upwelling, that flowed
southward through the area and consisted of cool sub-
arctic marine water having relatively low salinity sup-
ported a rich growth of plankton. After death, the

X, control point showing measured thickness in feet; A, control point, data approximate.

planktonic organisms settled into deeper water, either
directly or as faecal pellets of grazing zooplankton,
and supplied both carbon and phosphorus to the bottom
sediments. Water below the photic zone was defieient
in oxygen and saturated with phosphorus. Water in
the deepest part of the basin periodically became super-
saturated with calcium carbonate, which was then
rapidly precipitated.

At the beginning of Rex time, the sea floor was raised
to within the photic zone over most of the area, prob-
ably by uplift rather than by sedimentary filling. The
eastern source area again supplied sand. The south-
ward-flowing current supported a dense Demospongia
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population, and spicules accumulated to form a silice-
ous ooze. Currents winnowed out some of the smaller
spicules and deposited them with silt and clay in those
parts of the basin that were below wave base. The
growth of calcareous organisms was inhibited by the
low temperature and salinity of the inflowing subarctic
water. The northwestern source area locally supplied
some sand in Rex time.

Sand and silt were supplied by the northwestern
source area during all of Franson time. Much sand
was also derived from central Montana during early
and late Franson times, but carbonate sediments trans-
gressed as far east as the Madison Range during the
middle of the interval. Emergence of the northwest-
ern source area deflected the major southward-flowing
current west of the area, and the sea in southwestern
Montana became warmer and more saline. The sea
continued to be shallow, probably no deeper than 30 or
40 meters in most places, and skeletal carbonate sands
were deposited. Subsidence was slow and was approx-
imately compensated by sedimentation.

Sharp subsidence marked the beginning of Retort
time. Neither source area supplied sand, and both
may have been submerged. A submarine ridge ex-
tended southward approximately along the present
Montana-Idaho State line. Submergence of the north-
western source area again permitted the southward-
flowing current to move through the area. Plankton
bloomed and supplied carbon and phosphorus to the
bottom sediments, as in late Meade Peak time. These
conditions were interrupted briefly in middle Retort
time by uplift in the eastern part of the area that re-
sulted in the deposition of sand and chert now exposed
in the Snowcrest Range and possibly in the destruction
of lower Retort sediments that may have been deposited
east of Ruby Valley. Events in late Retort time were
similar to those in early Retort time; but the basin was
not, as deep, and phosphatic mud deposited in the Snow-
crest and Dillon areas was intermittently reworked.
Late Retort subsidence in the Madison Range resulted
in the deposition of deeper water sediments there than
to the west in the Gravelly Range. Some of the deeper
water, rich in phosphorus, moved eastward onto the
shallow shelf, where apatite was deposited as oolites by
an increase in pH.

In Tosi time, most of the basin was again under less
than 50 meters of water, probably largely as the result
of uplift. Sand was again derived from central Mon-
tana, but the northwestern source area was either of
small extent or remained submerged. The southward-
flowing current continued to sweep through the area
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and distributed sand from an unknown source as a long
tongue extending southward. The area not covered,
by sand supported a dense sponge population, and its
floor was covered by a spicule ooze. Sand gradually
spread westward from the central Montana source area
and eventually filled the study area from the shore to
the southward-extending tongue. Toward the end of
Tosi time, the salinity increased to a concentration
where some carbonate was deposited. Tosi time was
probably succeeded in much of the area by a period of
nondeposition that possibly resulted from base-leveling
of central Montana and the attainment of a profile of
equilibrium in southwestern Montana, but sedimenta-
tion may have continued into Triassic time in the Lima
region.
STRATIGRAPHIC SECTIONS
INTRODUCTION

The stratigraphic sections measured in southwestern
Montana as part of the U.S. Geological Survey’s in-
vestigation of the western phosphate field and the chem-
ical analyses of the sampled beds are presented in the
following pages. Specific credit for each measured
section is given in the heading for the section. The
rock names assigned in the field have been revised where
necessitated by the chemical analyses or by the study
of hand specimens and thin sections. Swanson is re-
sponsible for the revision and final preparation of the
stratigraphic sections in the Madison and Gallatin
Ranges and the Centennial Mountains; Cressman is
responsible for the others. Brief descriptions of thin
sections have been added to several of the stratigraphic
sections in the Madison and Gallatin Ranges where rel-
atively close-spaced samples have been studied.

The rock names in the bed descriptions consist of (1)
a noun denoting the dominant constituent, (2) adjec-
tives denoting other constituents present in amounts
greater than 20 percent that are arranged from left to
right in order of increasing abundance, and (3) adjec-
tives also arranged from left to right in order of increas-
ing abundance that describe the size and type of grains
comprising the dominant constituent. The rock name
is combined with terms describing hardness, thickness
of bedding, and color; additional information, such as
the presence of an unusual or distinctive mineral occur-
ring in amounts of less than 20 percent or the grain size
of a subordinate constituent, is denoted by phrases such
as “contains glauconite” or “quartz sand is fine.” The
terms used have been defined on page 282.

The sections are arranged in order according to the
lot number; so, sections in a particular area must be
located by first referring to plates 14 or 15.
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Shell Canyon, Mont., lot 1214

[Permian rocks measured, and Retort PhosEhatic Shale Member of Phosphoria Formation sampled from cliff exposures and hand trench on north side of Shell Creek Canyon

about 600 ft above canyon floor, SE4N

14 sec. 33, T. 6 S., R. 1 E., Madison County, Mont., near crest of small domal structure at west side of Madison Range syncline,

in August 1947. Beds strike about N. 5° W. and dip 10-15° W. Measured by R. W. Swanson and sampled by J. A. Mann and J. G. Evans. Analyzed for P30s and

acid insoluble by U.S. Bur. of Mines, and for uranium by U.S. Geol. Survey]

Description

Dinwoody Formation, basal bed:
Limestone: dolomitie, hard, very finely
crystalline, medium- to thick-bedded,
light-brownish-gray (5YR 6/1).
Stringers penetrate underlying bed.
Contains many Lingula shells in lower

part.
Upper member of Shedhorn Sandstone:
Sandstone: locally carbonatic and
cherty, very fine grained, hard,
light-brownish-gray (5YR 5/1).
Maximum overgrowths on dusty-
rimmed subrounded quartz grains.
Light-brown apatite pellets, 10 per-
cent, including some rims on quartz
rains; chert grains, 5-10 percent.
tringers of limestone projecting
from overlying bed into cracks in
the quartzite contain coarse grains
of similar quartzite having minor car-
bonate matrix, and carbonate pene-
trates very little beyond walls of
cracks in quartzite, suggesting early
silicification (overgrowths) and sub-
sequent unconformable deposition
of limestone of the Dinwoody.
Sandstone: very fine grained, hard,
thick-bedded to massive, light-
brownish-gray (5YR 6/1). Small
chert concretions and lenses in upper
2 ft and laminated chert common
near base. Somewhat calcareous in
lower part. Basal contact irregular.
Chert and sandstone: thin-bedded hard
light-brownish-gray (5YR 6/1) chert
mottled with dark gray and crossed
by closely spaced 1- to 3-in.-diameter
columns of hard very fine grained
light-brownish-gray (5YR 6/1) to
brownish-gray (5YR 4/1) sandstone
containing small dark apatite pellets.
Bed is 2 ft thicker 300 ft to east.
Sandstone: hard, thick-bedded,
medium-grained (coarser near top),
light-brownish-gray (5YR 6/1).
Carbonate rock and sandstone, inter-
laminated: cherty, sandy micro-
crystalllne carbonate rock inter-
laminated with cherty, calcareous
very fine grained sandstone; both
are hard and light-brownish-gray
(YR 6/1). Carbonate generally
more finely crystalline in carbonate-
rock layers and commonly rhombie
in sandy layers and in cherty areas;
quartz grains subangular having
common but incomplete overgrowths;
chalcedonic chert is disseminated
through carbonate rock and locally
constitutes the principal cement of
sandstone layers and irregular
patches in carbonate-rock layers;
chert grains and clear to dusty light-
brown apatite pellets common in the
sandstone. Layers thicker and car-
bonate content greater near top.
Sandstone: fine-grained, hard, light-
brownish-gray (5YR 6/1); contains
numerous apatite pellets.

Chemical analyses (percent)

. . Uranium
T Cicknans” Acidin-  Radio-  Chemical
(feet) (feet) Saemple P05 soluble  metric eU U
0.75 0. 75 o oo e mmmme e
6.0 6. 75 el e emmem e meee o
3.4 10. 15 o mmme emmmme mmmmmm mmmme o
2.8 12. 95 o il e e e
1. 45 14. 4 o o e e mmme—eo

.7 15, 1 e e e e emmmmem
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Shell Canyon, Mont., lot 1214—Continued

Description

Upper member of Shedhorn Sandstone—
Continued

Chert and sandstone, interbedded:
hard sandy grayish-brown to light-
brownish-gray (10YR 4/3 to 5YR
6/1) chert interbedded with fine-
grained light-brownish-gray cherty
sandstone. Quartz grains moder-
ately well rounded and dusty rimmed
by overgrowths; overgrowths are
euhedral in contact with phosphate
but are corroded in chert layers;
chert grains common in sandstone,
chert layers rich in sponge spicules;
beds contain about 5 percent color-
less to brown apatite pellets and
numerous phosphatic shell fragments
and sponge-spicule canal fillings.
Contacts between layers very sharp.

Chert: sandy, hard, grayish-brown
(100YR 4/3) to light-brownish-gray
(6YR 6/1). Contains thin interbeds
of fine-grained sandstone at base and
irregular patches of sand elsewhere.

Sandstone: hard, fine-grained, thick-
bedded to massive, light-brownish-
gray (YR 5/1). Contains chert 2.5
ft above base. Quartz grains mod-
erately well rounded and dusty
rimmed by extensive overgrowths;
in places, patches of chert contain-
ing indistinet sponge spicules; chert
grains common in sandstone; bed
contains 5 percent clear to dusty
light brown apatite pellets and
sponge-spicule canal fillings; rounded
carbonate grains fairly common;
rhombic carbonate grains in chert.
Calcareous chert lenses are found
along strike.

Chert: hard, thick-bedded, brownish-
gray (5YR 4/1); locally sandy.

Sandstone: cherty, hard, fine-grained,
thick-bedded, medium to light-
brownish-gray. Chert lenses and
nodules common in basal half and
scattered in upper 1 ft. Irregular
basal contact.

Chert and sandstone: very irregularly
bedded hard light-gray (N 8) chert
(75 percent) and hard fine-grained
light-brownish-gray (5YR 6/1) sand-
stone. Irregular basal contact.

Sandstone: hard-fine-grained, thick-
bedded, light-brownish-gray (5YR
5/1). Irregular basal contact.

Sandstone and chert, interbedded:
thick-bedded hard very fine grained
brownish-gray (5YR 4/1) quartzitic
sandstone (60 percent) interbedded
with hard light-gray (N 8) sandy
chert (40 percent). Irregular basal
contact.

Sandstone: hard, fine-grained, thick-
bedded, light-brownish-gray (5 YR 6/1).
Irregular basal contact.

Chert: locally sandy, hard, poorly bed-
ded, light-brownish-gray (5YE 6/1).

Chemical analyses (percent)

s . Uranium

T Caieingns Acidin-  Radio-  Chemical
(feet) (feet) Sample P:0s soluble  metric eU U
2.1 17. 2 e i e i e
1.5 18. 7 ot e mmmmm it meemem
3.4 22 1 i emoe memme et e
1.0 23,1 el e mmmce e mmmem e
3.0 26. 1 o i et et eedeeem
5 8 81.9 ol e cmmme e mmmeeea
2.9 84. 8 i emmie mcie cmmcie emmemm

11.3 46. 1 o o emec e eiecm-
5.2 Bl 8 et mmeme emmmmeememeeemmeeo
1.7 53,0 ol et mmeme e mmmee-
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Shell Canyon, Mont., lot 1214—Continued
Chemical analyses (percent)

Uranium

Thick-  Cumulative _—_
ness thickness Acid in- Radio- Che'rrtzyical

Bed Description (feet) (feet) Sample P305 soluble  metric eU

Upper member of Shedhorn Sandstone—
(gontinued
Us—59.______. Sandstone: hard, fine-grained, massive, 1.6 54.6 oL el el emeeee amemee-
brownish-gray (5YR 4/1). Quartz
grains moderately rounded by much
secondary growth; dusty or phosphat-
ic rims on original grains very com-
mon; contains 5-10 percent brown
and, in places, clear apatite pellets
and sponge-spicule canal fillings; bed
contains 5 percent carbonate grains
generally rounded, some rimmed by
phosphate and some by well-formed
overgrowths. Irregular basal contact.
58 ... Chert: hard, thin-bedded, medium- 3.0 57.6 il il aemmee ameen oo
gray (N 5) to brownish-gray (5YR
4/1); contains about 10 percent of
lenses of hard fine-grained light-
brownish-gray sandstone. Irregular
basal contact.
57 . Sandstone: hard, fine-grained, thick- 5.3 62,9 ool ool el aeemen oo
bedded to massive, brownish-gray
(BYR 4/1). Basal contact grada-
tional over narrow zone.
56 ___ Sandstone: cherty, hard, fine-grained, 1.7 64.6 ___________
not bedded, light-brownish-gray (5Y R
5/1); cherty patches irregularly dis-
tributed.
Tosi Chert Tongue of Phosphoria Formation:
To-55_____.__ Chert: hard, thin- to thick- and rather 4.6 69. 2 oL e ommemm dmmee o
poorly bedded, medium-dark-gray (N
4); locally sandy; contains persistent
sandstone parting at base, and in
lower 1 ft, contains a few irregular
lenses of hard, very fine grained to
coarsely silty grayish- to dusky-brown
(8YR 3/2- 2/2) sandstone; sandstone
contains nearly 15 percent phosphate,
and has chert cement (20 percent).
Quartz mostly subangular to angular;
many grains show overgrowths,
some on top of phosphate rims; apa-
tite as clear to dusty pellets, and
light- to dusky-brown sponge-spicule
canal fillings and rims on quartz
grains; chert grains common; some
sponge spicules evident; carbonate
(5 percent) chiefly as rounded grains,
some with phosphate rims and over-
growths,
54 ____ Sandstone and chert: top 0.2 ft and .7 69.9 RWS-24-47 1.6 90.2 0.0005 --_----
basal 0.1 ft composed of sandy hard
black (N 2) chert; rest composed of
hard cherty fine-grained dusky-brown
(5YR 2/2) sandstone; irregular con-
tacts between layers. Basal contact
irregular.
53 __ Chert: hard, thin-bedded, brownish- 3.2 73.1 23-47 .6 86.7 .0005 _...__.
black (5YR 2/1); contains very thin
mudstone partings. Basal contact
gradational.
52 ______ Chert: hard, thin-bedded, brownish- 4.15 77.25 22-47 .8 84.7 .0005 0. 000
black (5YR 2/1); thickness of beds
increases upward; contains thin
fissile mudstone partings. DBasal
contact gradational.
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Shell Canyon, Mont.,

Bed Description

Tosi Chert Tongue of Phosphoria Forma-
tion—Continued

To-51________ Chert: hard, thin-bedded, dark-gray

(N 3) banded in part by medium
gray (N 5); contains fissile brownish-
gray (5YR 4/1) mudstone partings.
At 0.6 ft above base is a vuggy
lenticular  caleareous concretion
about 0.3 ft across and 0.15 ft thick
lined with calcite crystals; chert
layers are warped around the con-
cretion and are thinner above and
below central part. Basal contact
gradational.

50_______ Chert and mudstone, interbedded:
hard thin-bedded gravish-black (N
2) chert (80 pereent) interbedded
with hard fissile dusky brown (5YR
2/2) mudstone (20 percent). wvon-
tains vuggy concretion similar to
that in bed To-51 at 0.8 ft above
base and others in cliff nearby at
similar horizon. Basal contact gra-
dational.

49________ Chert and mudstone, interbedded:
hard thin-bedded grayish-black (N
2) chert (75 percent) interbedded
with hard fissile brownish-black
(5YR 2/1) mudstone (25 percent);
thin section reveals distinet lamina-
tion that is due chiefly to distribu-
tion of quartz grains, organic mat-
ter(?), and ecaleite but also that
reflects the texture of chert; contain
numerous sponge spicules; grains
angular to moderately rounded;
quart‘z grains of silt to very fine sand
size; carbonate tends to be rhombiec.
Crosscutting stylolite. Sharp basal
contac

Retort Phosphatlc Shale Tongue of Phos-
phoria Formation:

Rt-48________ Mudstone: silty, hard, alternating fis-

sile to thin-bedded, brownish-black
(YR 2/1). Basal contact irregular.

47 . Phosphorite: cherty, muddy, hard,
poorly bedded, grayish-ulack (N2),
coarsely oohtlc, coarsely nudular
in upper part; apatite partly pelletal
but mostly oolitic; fossil nueclei
common; pellets commonly rich in
sponge spicules and dusty with
carbonaceous material; chert errati-
cally distributed, loeally comprising
all cement and in places oolite nuclei;
laminated carbonate at top is prob-
ably algal.

46________ Mudstone: carbonatic, hard, thin- to
thick-bedded, laminated in part,
grayish-brown (5YR 3/2) to dark-
gray (N 3); carbon microcrystalline;
quartz mostly silt size and angular,
larger grains rounded. Basal contact

adational.

45 _______ udstone: cherty, hard, fissile to
thin-bedded, brownish-black (5YR
2/1); lower part calcareous. Basal
contact gradational.

44________ Mudstone: cherty, hard, thin-bedded,
locally fissile to laminated, dusky-
brown (5YR 2/2).

Thick-
ness
(feet)

5.0

5.2

5.1

1.2

.55

1. 15

3.7

.75

Cumulative
thickness
(feet)

lot 1214—Continued

Sample

82.25 RWS-21-47

87. 45

92. 55

93.75

94. 3

95. 45

99. 15

99. 9

20-47

19-47

18-47

17-47

16-47

15-47

14-47

Chemical analyses (percent)

Urenium

Acid in- Radio-  Chemical
P05  soluble  metric €U U

0.5 850 00006 _______

.6 82.1 .0005 0. 000

.9 82.3 .0005 . 000
1.1 73.7 .001 . 000
19. 2 43.9 .006 . 003

.8 50. 0 L.001 Lo

.9 74,9 .001 ______.

.6 72.0 . 0005 . 000
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Shell Canyon, Mont., lot 1214—Continued

Description

Retort Phosphatic Shale Tongue of Phos-
pboria Formation—Continued

Mudstone: hard, fissile to thin-bedded,
dusky-brown (5YR 2/2). Thin sec-
tion shows strong lamination; quartz
fine-silt size, elongate grains parallel
to bedding, muscovite rods com-
mon, carbonate (15 percent) micro-
crystalline to cryptocrystalline.

Phosphorite: cherty, friable to hard,
medium- to coarsely pelletal, thick-
bedded, grayish-black (N 2). Apa-
tite mostly pelletal, partly oolitic;
many pellets contain fossils (Fora-
minifera?) that comprise much of
pellet; much of matrix also phos-
phatic; chert constitutes muech of
the cement and the centers and
cracks of many phosphate pellets and
corrodes perimeters of some pellets.
Basal'contact irregular.

Phosphorite: medium- to coarsely gel—
letal (finely pelletal at base), friable,
brownish-black (5YR 2/1). Apatite
fairly similar to that in bed Rt-42
except that it is not cherty and there
is not much matrix between the
pellets; pellets fit together closely;
fossils within pellets are very numer-
ous; finer grained layers contain con-
siderable amounts of carbonaceous
material.

Phosphorite: medium coarsely pelletal,
friable to medium-hard, thin and
irregularly bedded, brownish-black
(YR 2/1). Characteristics in thin
section, similar to bed Rt-41, but
oolites common in some layers and
fossils much less abundant.

Mudstone: silty, medium-hard, thin-
bedded, dark-gray (N 3); contains
about 25 percent angular, elongate
quartz grains and 10-15 percent mica
plates in a dark-brown to black
matrix that includes some apatite
pellets.

Dolomite: silty, microcrystalline, me-
dium-hard, massive, brownish-gray
(5YR 4/1); contains considerable
amounts of fine black carbonaceous
matter.

Mudstone: dolomitic, soft, dusky-
brown (5YR 2/2); unit highly
sheared.

Mudstone: unit sheared and much like
Rt-37. Irregular basal contact.

Mudstone and phosphorite: thinlayers
of phosphorite at base and top and
mudstone in middle; phosphorite
medium coarsely pelletal, medium-
hard, grayish-black (N 2); mudstone
probably carbonatic, soft, dusky-
brown (5YR 2/2); mudstone and
upper phosphorite sheared.

Sandstone and chert: hard dusky-
brown (5YR 2/2) mudstone parting
at base overlain by 0.2 ft hard
brownish-black (5YR 2/1) chert and
0.8 ft hard medium-bedded fine-
grained weak-brown to brownish-
black (5YR 3/2-2/1) phosphatic
sandstone that is darker and more
phosphatic upward. Irregular basal
contact.

Thick-
ness

(feet)

C'u,mula,u:;e
thickness
(feet)

Saemple

2.05 101.95 RWS-13-47

.75

1.5

1.2

.8

. 45
.65

1.0

102. 7

103. 2

104. 7

105. 2

106. 4

107. 2

107. 65
108. 3

109. 3

12-47

11-47

10-47

9-47

8-47

7-47

6-47
5-47

4-47

Chemicael analyses (percent)

Urenium

Acid in- Radio-  Chemical
P30s5 soluble metric eU U

0.1 80.5 0.001 0. 000

23.6 30.2 .008 . 006

32. 4 81 .011 . 013

32.5 84 .011 . 009
3.7 70.6 .004 . 001

3.6 55.2 .003 ______.

6.0 47.3 . 005 . 003
14.9 40. 4 . 009 . 004
9.5 70. 5 . 003 . 002
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Shell Canyon, Mont., lot 1214—Continued

Description

Lower member of Shedhorn Sandstone:

Sandstone: hard, thick-bedded, fine-
grained, light-brownish-gray to medi-
um-gray (YR 5/1-N 5) quartzitic.
Irregular basal contact.

Sandstone: cherty, hard, thick-bedded,
fine- to medium-grained, medium-
dark-gray (N 4); quartz is sub-
angular and has minor overgrowths;
chert abundant as cement; abundant
sponge spicules. Basal contact ir-
regular.

Sandstone: cherty, hard, medium-
grained, light-brownish-gray (5YR
5/1), quartzitic; quartz subangular
to subrounded with some over-
growths; abundant cherty matrix
contains many sponge spicules, some
having overgrowths; contains scat-
tered apatite pellets and somewhat
similar appearing but less well
rounded grains of chert.

Sandstone: hard, medium - grained,
thick - bedded to massive, light -
brownish-gray (5YR 5/1); medium-
gray (N 5) at base.

Chert: hard, thin- to thick-bedded,
medium-dark-gray (N 4) to grayish-
black (N 2); calecareous near top;
contains irregular lenses of fine
brownish-gray (6YR 4/1) sandstone.
Irregular basal contact.

Sandstone and chert: 0.3-0.4 ft bed of
sandy hard medium-gray (N 5) sand-
stone grading upward to brownish-gray
(YR 4/1) sandstone containing scat-
tered chert nodules. Quartz is mostly
subangular to subrounded and has ex-
tensive overgrowths; about 5 percent
apatite, chiefly well-rounded, clear to
moderately dusty light-brown pellets;
also contain shell fragments and
angular coarse-grained fragments of
probable apatite nodules; also con-
tain rounded chert, carbonate grains,
and some interstitial carbonate.
Irregular basal contact.

Dolmite: sandy, hard, thick-bedded,
light-brownish-gray (YR 6/1), fine-
grained ; pebbles of chert, carbonate
rock, quartzite, and phosphorite as
much as 1}% in. diameter at top, mid-
dle, and base of bed. Pebbles of
carbonate rock, generally cherty, and
of spicular chert and phosphorite;
quartz grains are as much as ¥mm
but mostly less than Y4mm in dia-
meter and are subrounded by com-
mon but not very obvious over-
growths; apatite occurs as pellets,
spicule canal fillings, and pebbles or
grains of spicular nodules; carbonate
in sandstone and chert is generally
very fine grained, but some is coarse
and probably secondary; much of
carbonate in chert is rhombie.

Franson Tongue of Park City Forma-
tion:

Dolmite and sandstone: irregularly
distributed hard fine-grained thick-
bedded to massive light-brownish-
gray (5 YR 6/1) sandy dolomite and
dolomitic sandstone.

Thick-
ness
(feet)

1.9

. 85

5. 55

3.75

2.5

2.0

Cumulative
thickness
(feet)

111. 2

112. 05

112. 75

Sample

RWS-3-47

2-47

1-47

389

Chemical analyses (percent)

Uranium
Acid in- Radio-  Chemical
Py05  soluble  metric eU U
1.1 90.1 0. 0005 0. 002
1.0 93.3 .0005 . 000
. 8 92.2 .0005 . 000
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Shell Canyon, Mont., lot 1214—Continued

Description

Fransan Tongue of Park City Formation—
Continued

Dolomite: sandy, hard, fine-grained,
medium-gray (N 5).

Chert: very sandy, hard, spicular, yel-
lowish-gray (10YR 8/13; quartz sand
is very fine; contains streaks and
lenses of fine-grained pale-brown
(10YR 5/2) dolomitic sandstone.

Dolomite: sandy, hard, very fine
grained, massive, light-brownish-
gray (5YR 6/1). Gradational basal
contact.

Sandstone: dolomitic, cherty, hard,
massive, fine-grained, pale-brown
(10YR 6/2) to light-gray (N 7).
Thin section reveals numerous grains
of dense carbonate rock as much as
5 mm long having finely ecrystalline
carbonate in matrix; cherty zones
are spicular and contain shell frag-
ments and pellets of apatite and
rhombic abraded carbonate. Un-
dulating basal contact.

Dolomite: sandy, locally pebbly, hard,
very fine grained, thick-bedded,
pale-brown (10YR 5/2).

Sandstone and chert: hard very fine
grained locally pebbly thick-bedded
vellowish-gray (10YR 7/1) sandstone
and sandy chert.

Dolomite: hard, aphanitic, thick-bed-
ded, light-brownish-gray to pale-
brown (10YR 5/1-5/2); contains
chert pebbles as much as 20 mm
diameter in lower third and numer-
ous small bits of black carbon-
aceous?) material, some showing
organic markings.

Dolomite: sandy, local cherty, hard,
very fine grained, massive, light-
brownish-gra to medium-gray
(10YR 6/1-N 5); locally pebbly and
more cherty in lower half and notably
at base. Chert at base is very finely
sandy and very spicular and contains
rhombic carbonate and apatite as
spicule canal fillings and pellets.

Chert and dolomite: locally sandy hard
poorly bedded to laminated
yellowixh-gray (10YR 7/1) chert
containing irregularly distributed
lenses and patches of dolomite.

Dolomite: locally cherty and sandy,
hard, fine-grained to aphanitic,
massive, light-brownish-gray to
grayish-green (10YR 6/1 to 10GY
5/2). Very irregular basal contact.

Sandstone: cherty, hard, fine-grained,
pale-brown (10YR 5/2); chert very
finely sandy, irregularly distributed,
brownish-gray (10YR 4/1); sand at
base has much phosphatic material
in matrix, abundant apatite pellets,
some apatite shell fragments, and
numerous small pebbles of sandy and
spicular chert; contains numerous
tiny black globules (M30 microns),
generally clustered, that appear
amber under an oil immersion lens
and may be petroliferous matter.
Irregular basal contact.

Thick-
ne88
( feet)

0.9
.6

3.5

2.5

1.4

1.3

1.2

9.7

4.0

2.8

Cumulative
thickness

(feet)

128.
129.

132.

135.

136.

148.

152

155.

156.

55

Sample

Chemical analyses (percent)

P30;5

Acid in-
soluble

Uranium

Radio-
metric €U

Chemical
U



Shell Canyon, Mont., lot 1214—Continued

Description

Grandeur Member of Park City Formation:

Dolomite: hard, aphanitic, massive,
light-brownish-gray (10YE 6/1) to
yellowish-gray (10YR 7/1); contains
irregular streaks of fine sand.
Angular to subrounded sand at top
includes chert grains, including those
of the peculiar variety of chert found
in beo{) G-12, and numerous small
apatite shell fragments, pellets, and
spicule canal fillings; matrix consists
of dolomite rhombs and corroded
quartz and apatite grains; some
pebbles of carbonate are present.

Sandstone and dolomite: irregularly
intermixed dolomitic hard fine-
grained sandstone and sandy
aphanitic dolomite; light-yellowish-
brown (10YR 6/4) to very pale
orange (10YR 8/2).

Chert: dolomitie, hard, pale-yellowish-
brown (10YR 6/2). Thin section
reveals numerous quartz grains and
much chert as grains, pebbles, or re-
placements in a fine dolomite matrix.
Chert is characterized by coarse
texture and considerable dust that is
concentrated chiefly in lines or bands,
many of which clearly show crystal
forms of quartz; clastic quartz grains
not common to chert areas. Un-
dulating basal contact.

Dolomite: hard, aphanitic, massive,
light-brownish-gray (10YR 6/1). Ir-
regular basal contact.

Sandstone and dolomite: interlayered
and intermixed hard fine-grained
sandstone and very sandy dense
dolomite; poorly bedded, pale-brown
(7.5YR 6/2). Strongly undulating
basal contact.

Dolomite: hard, aphanitic, massive,
light-brownish-gray (10YR 6/1).
Dolomite: hard, aphanitic, light-

brownish-gray (5YR 6/1); basal 0.8
ft, softer and shaly, forms undercut
in cliff, and contains pencillike flat
limonite concretions. Gradational

basal contact.

Dolomite: hard, aphanitic, massive to
thick-bedded, light-brownish-gray
(5YR 6/1); contains 0.3 ft very fine
sandy zone near top.

Dolomite: hard, aphanitie, poorly bed-
ded to massive, light-brownish-gray
(10YR 6/1); contains some crosscut-
ting sandstone stringers and a fine
dolomitic sandstone zone at the top.

Dolomite: hard, aphanitic, massive,
yellowish-gray (10YR 7/1); contains
several thin (0.1-0.2 ft) layers and
some crosscutting stringers of clean
fine-grained yellowish-gray (10YR
7/1) sandstone having abundant
quartz overgrowths; numerous small
grains of zircon and tourmaline, and
some clastic carbonate. Irregular
basal contact.

Dolomite: hard, aphanitic, massive,
yellowish-gray (10YR 7/1); hackly
weathering in middle. Irregular
basal contact.

Thick-
ness

(feet)
6.5

2.5

1.0

2.0

1.8

4.0
1.8

4.0

4.5

8.0

5.5

Cumulative
thickness
(feet)

162. 85

165. 35

166. 35

Saemple
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Chemical enalyses (percent)

P30s

Acid in-
soluble

Uranium

Radio-
metric eU

Chemical
U
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Skell Canyon, Mond., lot 1214—Continued

Bed Description

Grandeur Member of Park City Forma-

tion—Continued

Sandstone: hard, quartzitic, fine- to
medijum-grained, massive, medium-
light-gray (N 6). very clean
quartz sandstone having almost com-
plete destruction of porosity by over-
growths; grains fairly well rounded;
small zircon grains common; con-
tains little tourmaline, leucoxene,
and chert (as grains). Irregular
basal contact.

Dolomite: hard, aphanitic; upper half
massive; lower half thin-bedded, pos-
sibly argillaceous, and in cliff, weath-
ers to form undercut; very pale
brown (10YR 7/2); finely sandy at
base and locally cherty.

Quadrant Formation, top bed only:
Sandstone: hard, fine-grained, mas-
sive, locally crossbedded, pale-brown
(5YR 5/2). Grains mostly quartz
having dominant overgrowths; lo-
cally dolomite cement rather than
quartz overgrowths; clear coarser
dolomite disseminated through rock.
Irregular basal contact.

Chemical analyses (percent)

Uranium
Thick- Cumulative
ness thickness Acid in- Radio-  Chemical
(feet) (feet) Semple P305 soluble metric eU U
3.5 201. 45 . ol mmci e e
3.5 20495 . . il ool el
8.0 8 0 o it e mdmemn -

Aspen Valley, Mont., lot 1215

[Retort and Tosi Members of Phosphoria Formation sampled in hand trench near top of ridge on west side of Aspen Valley, SE4SEY sec. 11, T. 6 8., R. 1 E., Madison
County, Mont., on overturned limb of Madison Range syncline, in August 1947. Beds strike N. 45° E. and dip 565° NW. Measured by R. W. Swanson and sampled by
J. A. Mann and J. G. Evans. Analyzed for P10 and acid insoluble by U.S. Bur. of Mines and for uranium by U.S. Geol. Survey]

Bed Description

Upper member of Shedhorn Sandstone; top
not exposed:

Sandstone: carbonatic, fine-grained,
medium-hard, light-brownish, gray
(BYR 6/1) to light-gray (N 7); has
indistinet bedding. Contains patches
of dusky-brown (5YR 2/2) quartzite
similar to that constituting under-
lying bed. Gradational basal con-
tact. Overlying beds are covered.

Sandstone: cherty, hard, fine- to very
fine grained, brownish-gray (5YR
4/1) to dusky-brown (BYR 2/2).
Quartz angular to well rounded,
not well sorted; chert, about 40
percent of rock, forms matrix for
sand; spicules common, some large
(2-)4 mm wide); some rounded
grains of chert; apatite about 5 per-
cent, mostly light- to dark-grayish-
brown pellets, some clear shell frag-
ments and brown sponge-spicule
canal fillings. Irregular basal con-
tact.

Tosi Chert Tongue of Phosphoria Forma-
tion; contains thin tongue of Retort Phos-
phatic Shale Member:

Chert: hard, thin-bedded, dark-gray
(N3) to brownish-black (5YR 2/1);
contains several thin layers (0.06 ft)
of fissile moderate-brown (5 YR 4/4)
mudstone in lower half and 10 to 12
mudstone partings in upper half;
contains vuggy carbonatic concre-
tion lined with calcite crystals in top
foot. Gradational basal contact.

Chemical analyses (percent)

Uranium
Thick-  Cumulative . -
ness thickness Acid in- Radio-  Chemical
(feet) (feet) Sample P305 soluble metric eU U
2.1 2. 1 L Ll mmial cmmcee e
75 2.85 RWS-43-47 1.3 90.1 0.0005 _______
4.2 7. 05 42-47 .9 81. 8 0005 .___.__.



Bed

Aspen Valley, Moni., lot 1215—Continued

Description

Tosi Chert Tongue of Phosphoria Forma-
tion; contains thin tongue of Retort Phos-
phatic Shale Member—Continued

Chert: dark-gray (N 3), thin-bedded,
hard, brittle; 0.7-ft-thick layer of
chert at base, thin-bedded and con-
tains 10 partings of soft fissile gray-
ish-brown (5YR 3/2) mudstone in
upper part.

Chert and mudstone: hard fissile to
thin-bedded dark-gray (N 3) chert
(75-80 percent) and 15 interbedded
layers of soft fissile to thin-bedded
grayish-brown (5 YR 3/2) mudstone;
3-in. mudstone layers at middle and
top; chert thicker bedded in lower
third.

Mudstone: soft, fissile to thin-bedded,
brownish-gray (6 YR 4/1) to grayish-

brown (YR 3/2); more fissile in
lower third.
Phosphorite: cherty, hard, thin-bed-

ded, medium coarsely oolitic and
coarsely nodular, medium-dark-gray
(N 4). Oolites light brown, com-
monly cherty; several have fossil
nuclei; nodules light to medium
brown, mostly structureless but rich
in cherty sponge spicules; fine quartz
grains common. Irregular basal
contact.

Carbonate rock: cherty, hard, thin- to
thick-bedded, brownish-gray (5RY 4/
1); thin dark-gray (NN 3) chert lenses.
Carbonate laminated, mostly micro-
crystalline, rhombiec in cavity fillings
and in cherty spots; chert micro-
crystalline, disseminated throughout
but more abundant in some layers;
quartz silt fairly common, angular.

Chert and mudstone, interbedded:
fissile to thin-bedded hard brownish-
black (5YR 2/1) chert (85 percent)
and 17 interbedded layers of hard
fissile dusky-brown (5YR 2/2) mud-
stone. Two-in. shear zone about 1
ft above base strikes N. 5° W. and
dips steeply west. Gradational basal
contact.

Chert and mudstone, interbedded:
dark-gray to brownish-black (N 3
to 5YR 2/1) hard fissile to thin-
bedded chert (75 percent of unit)
and 17 interbedded layers of dusky-
brown (YR 2/2) to grayish-brown
(YR 3/2) hard fissile mudstone.
Gradational basal contact.

Chert and mudstone, interbedded:
hard fissile to thin-bedded dark-gray
(N 3) to brownish-black (5YR 2/1)
chert (80 percent) and 13 inter-
bedded layers of hard fissile dusky-
to grayish-brown (BYR 2/2- 3/2)
mudstone. Thinner bedded in bot-
tom foot and at 2.3-4.0 ft above
base. Gradational basal contact.

Chert: hard, fissile to thin-bedded
(thicker in upper half), dark-gray to
brownish-black, and eight hard
fissile brownish-gray mudstone part-
ings and a 3-in. mudstone layer at
0.8 ft above base.

Thick-
ness

(feet)

2.5

4. 45

.55

. 25

1.0

4. 55

4. 45

4.5

2. 25

Cumulative
thickness

(feet)

Semple

9.55 RWS-41-47

14. 0

14. 55

14.8

15. 8

20. 35

24. 80

29. 30

31. 55

40-47

39-47

38-47

37-47

36-47

35-47

34-47

33-47
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Chemical analyses (percent)

P05

0.6

1.3

23.5

Uranium

Acid in- Radio-  Chemical
soluble metric eU U
84.0 0.0005 ______._
78. 0 0005 ___.____
75. 4 001  __.____
3.4 .007 0. 006
37.6 0005 _______
50.6 . 001 . 000
82.1 .0005 _______
82. 4 0005 _______
84.9 00056 ______._
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Aspen Valley, Mont., lot 1215—Continued

Bed Description

Retort Phosphatic Shale Tongue of Phos-
phoria Formation:

Phosphorite: medium hard to friable,
very finely to very coarsely pelletal,
medium-dark-gray (N 4) to dusky-
brown (5YR 2/2) (very light brown
in thin section). Contains very
abundant fossil nuclei in both pellets
and oolites; oolites common but not
abundant; microcrystalline chert
common in matrix of pellets, which
are not closely packed, and as fossil
filling. Gradational basal contact.

Phosphorite: medium-grained, soft to
friable, laminated, grayish-black (N
2); contains considerable amounts

of grayish-brown (5YR 3/2) mud .

near base and top.

Mudstone: grayish-brown (5YR 3/2),
thin-bedded, medium-soft. Fairly
sharp basal contact.

Carbonate rock: hard, thin- to thick-
bedded, brownish-gray (5YR 5/1),
microcrystalline, basal 0.2 ft soft,
silty and clayey; basal contact some-
what gradational.

Mudstone: carbonatic, soft, clayey, not
bedded, grayish-brown (5YR 3/2) to
brownish-black (5YR 3/1).

Phosphorite and mudstone: soft, friable
medium-grained thin-bedded dark-
gray (N 3) phosphorite 0.4 ft thick
overlying 0.2 ft soft thin-bedded
brownish-gray (5YR 4/1) to brownish-
black (5YR 2/1) clayey mudstone;
some mudstone partings in phos-
phorite.

Phosphorite and sandstone: medium-
hard medium-pelletal light-gray
(N 7) sandy phosphorite 0.25ft thick
overlying 0.3-ft hard fine- to medi-
um-grained light-brownish-gray quartz-
itic phosphatic sandstone. Phos-

horite about one-half pelletal; pel-
ets and quartz grains in somewhat
darker phosphatic groundmass and
concentrated in layers; overgrowths
on most quartz in the sandstone;
phosphate chiefly pelletal but also

as matrix between quartz grains.
Lower member of Shedhorn Sandstone,

basal bed:

Sandstone: carbonatie, light-brownish-
gray (5YR 6/1), medium-hard, fine-
to medium-grained. Underlying beds
not exposed.

Chemical analyses (percent)

Uranium
Thick-  Cumulative -
ness thickness Acidin-  Radio- Chemical
(feet) ( feet) Semple P05 soluble metric U U
1.6 33.15 RWS-32-47 31.0 11.8 0.009 0. 008
.3 33. 45 31-47 26. 9 18.0 .015 . 014
.45 33.9 30-47 1.4 72.3 .003 ______._
.83 3473 29-47 .7 15,4 .0005 _______
.7 35. 43 28-47 3.7 56.7 .005 . 003
.6 36. 03 27-47 14. 6 37.0 .010 . 004
.55 36.58 26-47 21. 3 38.9 .007 . 006
.8 37. 38 25-47 1.6 92. 9 0005 ______.

West Fork of Gallatin River, Mont., lot 1216

[Part of Phosphoria and Shedhorn Formations sampled and described from natural exposure and hand trench on mountain slope about 300 ft above north bank of West Fork
of Gallatin River in NW14SEl{ sec. 32, T. 6 8., R. 4 E., Gallatin County, Mont., from upturned strata south of Gardiner thrust fault, in September 1947, Beds strike
N. 35° W., and dip 45-50° SW. Measured by R. W. Swanson and sampled by J. A. Mann and J. G. Evans. Analyzed for P;O5 and acid insoluble by U.S. Bur. of Mines

and for uranium by U.S, Geol. Survey]

Bed Description

Upper member of Shedhorn Sandstone; top
not exposed:

Sandstone and chert: poorly exposed,
not logged in detail. Quartzite con-
taining interbedded chert and many
crosscutting sandstone columns as
much as 3 in. in diameter and 1-3
ft long.

Chemical analyses (percent)

Uranium
Thick-  Cumuldtive —_
nez:sk thickness Acid in- Radio-  Chemical
(feet) (feet) Sample P:05 soluble  metric eU

4.0 4.0
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West Fork of Gallatin River, Mont., lot 1216—Continued

Bed Description

Upper member of Shedhorn Sandstone; top
not exposed—Continued

Chert: poorly exposed, not logged in
detail; contains crosscutting quartz-
ite columns similar to those in bed
Us-32.

Sandstone: hard, fine-grained, thin- to
thick- but irregularly bedded, light-
brownish-gray (5YR 5/1); contains
lenses of very finely sandy chert and
columns gf brownish-gray (5YR 4/1)
cherty quartzite.

Sandstone: hard, fine- to medium-
grained, poorly bedded, light-
brownish-gray (5YR 5/1); con-
tains chert nodules and lenses and
columns like those in bed Us-31.
Irregular basal contact.

Limestone: medium-hard, thin- and
poorly bedded, light-brownish-gray
(5YR 6/1) ; contains columns of cherty
quartzite, some of which cross entire
bed. Iregular basal contact. Lime-
stone microcrystalline; sandstone
medium- to fine-grained, angular to
subrounded, cherty, phosphatie, and
moderately calcareous; quartz shows
some overgrowths and some corro-
sion by chert and calcite of matrix;
chert grains common and comprise
most of matrix; some sponge spic-
ules evident; phosphate occurs as
apatite pellets and nodules, shell
and bone fragments (some aniso-
tropic), sponge-spicule fillings, and
clear grains of uncertain origin;
calcite locally abundant and coarsely
crystalline but most is finely crys-
talline and irregularly disseminated;
some veinlets in sharp contact with
adjoining limestone.

Tosi Chert Tongue of Phosphoria Forma-
tion:

Chert: thin-bedded, hard, brittle, me-
dium-light-gray (N 6); contains
many crosscutting quartzite columns,
some 3 ft long, and some lenses of
fine-grained quartzite. Basal con-
tact not exposed.

Covered; thickness approximate.
Overlying beds measured about 50 ft
lower on hillside than beds described
below.

Chert: brittle thin-bedded medium-
gray (N 5) chert; contains some
quartzite in basal 0.15 ft which is
overlain by 0.2-ft fissile light-
brownish-gray (5YR 5/1) mudstone;
top 3.0 ft contains crosscutting fine-
grained sandstone columns as much
as 5 in. in diameter and 4 in. or more
apart. Lenticular vuggy carbonate
concretions as much as 3 in. thick and
6-8 in. across oceur 1.5, 4.0, and 7.5 ft
above base.

Chemical analyses (percent)

Uranium
Thick-  Cumulative
ness thickness Acid in- Radio-  Chemical
(feet) ( feet) Semple P30s soluble metric eU U
2.0 6.0 i il
10. 5 1 N YU
2.0 18. 5 e e e mmmeme e
7 19, 2 o eeom mdliin il mmeeean-
5.5 24. 7 . e el i dmmeen
5 25. 2 o e imme e e e
8.85 34.05 RWS-63-47 0.8 90.1 0.0005 _____._.
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West Fork of Gallatin River, Mont., lot 1216— Continued
Chemical analyses (percent)

Uranium
Thick-  Cumulative _—
ness thickness Acid in- Radio-  Chemical
Bed Description (feet) (feet) Sample P05 soluble metric ¢U

Tosi Chert Tongue of Phosphoria Forma-
tion—Continued

To~24________ Sandstone: cherty, hard, fine- to me- 0.65 34.7 RWS-62-47 2.0 89.2 0.0005 _______
dium-grained, grayish- to dusky-
brown (6YR 3/2); very cherty at base.
Quartz moderately rounded to
angular; overgrowths common al-
though matrix is composed mostly of
chert; chert is brown and dusty and
contains numerous siliceous sponge
spicules; clear to dusty and light-
brown to black apatite pellets, clear
to medium-brown shell fragments,
and brown spicule fillings of apatite
are common,

23 . Chert: hard, brittle, fissile to thin- 5.75 40.45 61-47 .7 84.8 .0005 _______
bedded, brownish-black (5YR 2/1);
contains 1.0 ft of soft fissile to thin-
bedded pale-brown (5YR 5/2) mud-
stone that forms 27 rather uniformly
spaced layers.

22 _______ Chert and mudstone, interbedded: 3.4 43. 85 60-47 .6 90.7 .0005 ____.__
hard, brittle fissile to thin-bedded
dark-brownish-gray (5YR 3/1) chert
(75 percent) containing 15 layers
totaling 0.9 ft of soft fissile pale-
brown (5YR 5/2) mudstone. Thicker
layers of mudstone occur 0.7, 2.3, and
2.9 ft above base and commonly
contain thin (0.01 ft) lenses of chert.

21 ____ Chert and mudstone, interbedded: 4,45 48 3 59-47 .7 9.0 .0005 ____.___
hard- brittle fissile to thin-bedded
dark-brownish-gray (5YR 3/1) chert
(75 percent) containing 23 layers
totaling 1.2 ft of soft fissile brown-
ish gray (5YR 4/1) mudstone, mud-
stone layers thicker and more closely
spaced at 1.2-2.8 ft above base.
Slightly irregular basal contact.

Retort Phosphatic Shale Tongue of Phos-
phoria Formation:

Rt-20________ Phosphorite: cherty, sandy, hard, finely .3 48. 6 58-47 14.9 56.3 .006 0. 005
pelletal to finely nodular, dark-
gray (N 3). Chiefly apatite pellets
and nodules (40 percent) and fine
sand (25 percent) in a cherty matrix
(35 percent). Apatite nodules are
very silty and generally rich in sili-
ceous sponge spicules; pellets are
mostly dusty but some are clear;
apatite shell fragments and spicule
fillings are common; quartz grains
are mostly subangular to rounded;
chert grains are common; chert ce-
ment is mostly dusty brown and rich
in sponge spicules and corrodes both
quartz and apatite. Irregular basal
contact.

19 ___ Mudstone: medium-hard, thin-bedded 1.35 49. 95 57-47 .9 81.1 .001 _______
(upper third fissile), grayish-brown
(SER 3/2) to moderate-brown (5YR

4/4),
18 _______ Chert(?): medium-hard to soft, thin- 1.8 51.75 56-47 .8 88.1 .001 _.__.._

bedded, locally fissile, weak-yellow-

ish-orange (10YR 7/6) to moderate-

vellowish-brown (10YR 5/4); 0.4 ft

dark-brownish-gray (10YR 3/2) layer

near middle. Appears to be com-

posed chiefly of ecryptocrystalline

chert groundmass containing angular

quartz silt and lesser amounts of car-

bonate, muscovite, and carbona-

ceous material.
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West Fork of Gallatin River, Mont., lot 1216—Continued
Chemical analyses (percent)

Uranium
Thick- Cumulative S ——
ness thickness Acid in- Radio-  Chemical
Bed Description (feet) (feet) Sample P30s soluble metric eU U

Retort Phosphatic Shale Tongue of Phos-
phoria Formation—Continued
Rt-17________ Chert(?): soft to medium-hard, fissile .8 52,6 RWS-55-47 0.8 81.1 0.002 _______
to thin-bedded, moderate-yellowish-
brown (10YR 5/4) to brownish-black
(10YR 2/1). Chiefly cryptocrystalline
chert containing quartz silt and car-
bonaceous material, as does bed Rt—
18. Contains very fine phosphate
pellets.
16________ Mudstone: medium-hard to soft, fissile 2.5 55.1 54-47 1.1 84. 2 . 001 0. 000
to thin-bedded, brownish-gray (5YR
4/1) to grayish-brown (5YR 3/2).
15 ___. Phosphorite: cherty, medium-hard, .45 55.55 53-47 22,2 39. 4 . 008 . 008
medium- to very coarsely oolitic (60
percent) to pelletal, medium-gray
(N 5) to brownish-gray (5YR 4/1).
Qolites and pellets pale brown, some
have quartz or fossil nuelei; matrix
composed of pale-brown eryptocrys-
talline chert near oolites and clear
fine to medium-coarse comb- and
flamboyant-structure quartz in cen-
tral areas between loosely packed
oolites.
14_______. Phosphorite: medium-hard to friable, .7 56. 25 52-47 26. 2 27.0 . 009 . 007
poorly bedded, fine to coarsely
oolitic-pellatel, brownish-black (5YR
2/1) to grayish-black (N 2). Basal
0.2 ft sandy (medium-grained quartz)
and moderately pelletal to nodular;
contains numerous shell fragments,
all in a phosphatic matrix much like
that of pellets; remainder com-
posed of fairly closely packed ap-
atite oolites and pellets, containing
numerous subrounded quartz grains
cemented by cryptocrystalline chert.
Gradational basal contact. Contains

Lingula.
Lower 'member of Shedhorn Sandstone:
Le-13__._____. Sandstone: phosphatic, medium-hard 1.5 57.75 51-47 8.3 70. 2 . 003 . 001

(locally soft), thick-bedded, fine to
medium-grained, moderate-yellowigh-
brown (10YR 5/4) to brownish-gray
(10YR 4/1). Overgrowths on quartz
very common; apatite (20 percent)
occurs as medium to coarse pellets
but also commonly as shell fragments;
rounded grains of chert are common;
some secondary chert occurs. ~ Grada-
tional basal contact.

120 Sandstone: medium-hard, poorly bedded, 1.6 59. 35 50-47 .6 88 1 . 0005 . 000
medium-grained, pale-brown (6YR
5/2); contains pebbles of mudstone
and chert at base. Quartz has dom-
inant overgrowths; chert grains are
very common; apatite is common,
chiefly as shell fragments but also as
pellets and rims on quartz grains.
Irregular basal contact.

11 .. Mudstone and sandstone: soft fissile 1.3 60. 65 49-47 1.1 81.3 . 001 . 000
grayish-brown (10YR 4/2) mudstone
containing many crosscutting 0.1- to
0.2-ft diameter hard fine-grained sand-
stone coneretions. Quartz in sand-
stone has abundant overgrowths;
apatite (10 percent) occurs as pellets,
shell fragments, rims on quartz grains,
sponge spicule fillings, and matrix;
some is probably secondary; chert
grains are very common (5-+ percent);
some dusty-brown chert cement; many
graing coarsely chalcedonie. Irregular
basal contact.

709-931 0—63——9
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West Fork of Gallatin River, Mont., lot 1216—Continued
Chemical analyses (percent)

Uranium
Thick-  Cumulative ————
ness thickness Acid in- Radio-  Chemical
Bed Description (feet) (feet) Sample P05  soluble  metric eU U
Lower member of Shedhorn Sandstone—
Continued
Ls-10____.____ Chert, sandstone, and mudstone: 0.3 ft 1. 35 62.0 RWS-48-47 1.5 55.0 0.0005 0. 000

hard, brittle sandy dusky-brown
(5YR 2/2) to brownish-black (5YR
2/1) chert at base, overlain by a 0.4 ft
medium-hard to soft brownish-gray
(5YR 4/1) mudstone, a 0.2 ft chert
like that at base, and a 0.45 ft fine-
grained hard dark-gray (N 3) sand-
stone at top. Unit contains many
crosscutting chert and sandstone
columns that render bedding incon-
spicuous. Irregular basal contact.

9 .. Sandstone: cherty, hard, medium- 2.2 64. 2 47-47 1.4 91.9 .001 . 000
grained, poorly bedded, light-
brownish-gray (5YR 5/1). Chert
occurs in irregular masses and nod-
ules, more abundant toward top.
Unit contains many crosscutting col-
umnar bodies of sandstone contain-
ing quartz having abundant over-
growths, several percent apatite
occurring as shell fragments, pellets,
and matrix, 10 & percent chert grains,
and chert and very fine calcite ce-
ment. Irregular basal contact ap-
parently crossed by some columnar
bodies.

- P Mudstone and sandstone: soft fissile to 1.15 65. 35 46-47 2.2 87.2 .005 . 000
thin-bedded moderate-yellowish-
brown (10YR 5/6) carbonatic sandy
mudstone containing abundant cross-
cutting quartzitic sandstone columns;
columns are 0.05-0.2 ft in diameter,
irregular sided, and closely spaced.

T Mudstone and sandstone, interbedded: 1. 05 66. 4 45-47 .9 77.1  .0005 _______
medium-hard to soft fissile to thin-
bedded weak-yellowish-orange (10YR
8/4) to light-brownish-gray (10YR
5/1) carbonatic mudstone, inter-
bedded with hard fine-grained thin-
bedded brownish-black (5YR 2/1)
sandstone; beds are lenticular. Top
part locally conglomeratic; basal
contact irregular.

6. . Sandstone: hard, medium-grained, 1.2 67. 6 44-47 .8 95.2 . 0005 . 000
thick-bedded, brownish-gray (5YR
4/1); 2-in. zone containing -chert
pebbles near middle. Quartz, mod-
erately well rounded; has abundant
overgrowths; chert grains and apa-
tite pellets and shell fragments com-
mon. Gradational basal contact.

5 .. Sandstone: hard, thin- to thick- but 4.3 719 il ceemn ccien eeeem mmmeoee
poorly bedded, fine-grained, medi-
um-gray (N 5); contains worm(?)
borings. hickness 3.2 ft a few
feet below the trench.

R4_______. Chert: hard, brittle, thin-bedded, lo- 1.8 £ X (SRR S

cally sandy, brownish- to light-
brownish-gray (5YR 4/1- 5/1); lo-
cally shattered.
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West Fork of Gallatin River, Mont., lot 1216—Continued
Chemical analyses (percent)

Uranium
Thick- Cumulative -_—
ness thickness Acid in- Radio-  Chemical
Bed Description (feet) (feet) Saemple P05 soluble metric ¢eU
Lower member of Shedhorn Sandstone—
Continued
R-3._______ Chert: hard, brittle, thin-bedded, lo- 6.3 80.0 o o in e e immmmen

cally sandy, brownish-gray (5YR
4/1); contains four layers totaling
0.55 ft of medium-hard fine-grained
light-brownish-gray sandstone. Ba-
sal contact not exposed. Sandy
chert near base contains 40 percent
moderately rounded fine-grained
quartz in a cryptocrystalline chert
cement; quartz grains are commonly
corroded; siliceous sponge spicules
are abundant, particularly in less
sandy parts; apatite pellets common,
and some broken pellets and a few
clusters suggest reworking of a
phosphorite bed; some pellets have
quartz nuclei.

2 .. Covered. Includes the contact be- 10.0 90.0 . Lol i mmee ool
tween the Quadrant Formation and
the strata of the Shedhorn Sandstone.

Quadrant Formation, top bed:

QL Sandstone: medium-hard to friable, 1000 100.0 .. ___ ... o oo ool oo
locally hard, white (N 9), thick-
bedded to massive. Not deseribed
in detail.

Porcupine Creek, Mont., lot 1217

[Phosphoria Formation and part of Shedhorn Sandstone and Retort and Tosi Tongues of Phosphoria Formation sampled from natural exposures and hand trench on upper
part of mountain slope 1 miles north of Porcupine Creek in NE4SE4 sec. 10, T. 7 S., R. 4 E., Gallatin County, Mont., from upturned strata south of Gardiner thrust
fault. Beds strike N. 40° W. and dip 75° SW. Measured by R. W. Swanson and sampled by J. A. Mann and J. G. Evans, in September 1947. Analyzed for P20% and
acid insoluble by U.S. Bur. of Mines and for uranium by U.S. Geol. Survey] .

Chemical analyses (percent)

Uranium

Cumulative
Thickness thickness Acid  Radiometric Chemical
Bed Description ( feet) (feet) Sample P05 insoluble eU U
Upper member of Shedhorn Sandstone; '
uppermost beds not exposed:
Us-23________ Sandstone: hard, massive, fine- to 6.0 6.0 . el el el ool
medium-grained, light-brownish-gray
(8YR 6/1); contains dark phosphate
or chert grains, or both. Irregular
basal contact.” Overlying strata not
exposed.
22 ____.__ Chert: hard, brittle, thin- to thick- 2.6 8.6 L il accicn cmmeee oo
bedded, light-gray (N 7); contains
lenses of fine- to medium-grained
sandstone and many crosscutting of
sandstone columns.
P S Sandstone: hard, fine-grained, thick- 48 U
bedded, yellowish-gray (YR 7/2)
to light-brownish-gray (5YR 6/1).
Some layers weather gray. Not
very well exposed. Basal contact
irregular.
20________ Sandstone: hard, fine- to medium- .6 14.0 RWS-79-47 1.6 93.1 0.0005 _______
grained, light-brownish-gray (5YR
6/1); cherty and finer-grained near
top. Quartz grains angular to mod-
erately rounded and have abundant
overgrowths; chert grains common;
apatite (4 percent) chiefly as shell
fragments.
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Porcupine Creek, Mont., lot 1217—Continued

Description

Tosi Chert Tongue of Phosphoria Formation:

Chert: hard, brittle, thin-bedded, light-
brown (56YR 6/4); contains 12 inter-
beds of soft fissile mudstone totalling
0.3 ft thick.

Chert: Like that of To-19; bed contains
21 layers of interbedded mudstone
totalling 0.5 ft thick.

Chert and mudstone, interbedded: hard
brittle thin-bedded chert (65 percent)
and soft fissile mudstone (20 layers
totalling 1.3 ft) ; both chert and mud-
stone are light-brown (6YR 6/4);
two 0.2-ft mudstone layers in middle.

Chert and mudstone, interbedded:
chert (70 percent) and mudstone
(five layers) like that of bed To-17;
1-ft layer of chert near top and
mostly mudstone below. Chert con-
tains considerable amounts of .coarse
angular quartz silt and nearly 10
percent apatite as sponge-spicule
fillings and small pellets and in
matrix.

Chert and mudstone, interbedded:
chert (75 percent) and mudstone
(five layers) like that of bed To-17.

Chert and mudstone, interbedded:
chert (70 percent) and mudstone
(four layers) like that of bed To-17.

Chert and mudstone, interbedded:
chert (65 percent) and mudstone
(four layers) like that of bed To-17.

Retort Phosphatic Shale Tongue of Phos-
phoria Formation:

Sandstone: hard, medium-grained, thin-
to thick-bedded, medium-gray (N 5);
contains nearly 18 percent apatite as
oolites, pellets, shell fragments,
sponge-spicule fillings, and rims on
quartz grains. Chert is common as
graing and as matrix. Mudstone
partings oecur near base. Basal
contract irregular.

Mudstone: carbonatic, medium-hard to
soft, thin-bedded ‘to fissile, light-
brown (5YR 6/4) to dusky-yellow
(5Y 6/4); softer and thinner bedded
higher in bed; locally it is a muddy
carbonate rock containing 25 percent
coarse angular quartz silt, mica
flakes, and dark carbonaceous to
phosphatic matrix. Many small
almond-shaped phosphatic concre-
tions (% in. long) oceur in lower half.

Mudstone: carbonatic, medium-hard,
thin-to thick-bedded, light-brownish-
gray (5YR 6/1).

Mudstone: soft, fissile to thin-bedded,
dusky-yellow (5Y 6/4) to light-brown
(5YR 6/4).

Phosphorite: gherty, medium-hard,
medium to coarsely oolitie, pinkish-
gray (YR 7/1). Contains thin
(0.05 ft) fissile mudstone layer at
base. Oolites (commonly having
quartz nueclei) and pellets of apatite
are immersed in dusty cherty cement
that is coarser and clearer near cen-
ters of interstitial areas. Basal con-
tact irregular.

Thickness

(feet)

4.6

3.9

3.6

.95

Cumulative

thickness

(feet)

Sample

18.6 RSW-78-47

22. 5

26. 1

27. 65

28. 65

29. 6

31. 25

31. 85

32. 65

33. 35

36. 25

37.25

77-47

76-47

75-47

74-47

73-47

72-47

71-47

70-47

69-47

68-47

67-47

Chemical analyses (percent)

Acid

P30s  insoluble
0.8 82. 1
4 86. 0

9 84. 8
3.3 87.0
8 87. 4

6 86. 0
1.1 87. 4
6.9 76. 6
1.4 60. 8
4 45. 5

1. 6 81. 8
22.9 35.0

Uranium

Radiometric Chemical
eU U
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Porcupine Creek, Mont., lot 1217—Continued

Chemical analyses (percent)

Uranium
Cumulative X - -
Thickness thickness Acid  Radiometric Chemical
Bed Description (feet) (feet) Sample P30;  insoluble eU U

Retort Phosphatic Shale Tongue of Phos-
phoria Formation—Continued
________ Carbonate rock and sandstone: medi- 1.25 38.5 RWS-66-47 0.8 59.3 .0005

um-hard massive microcrystalline
pale-brown (5YR 5/2) cherty carbo-

nate rock containing many ecross-
cutting hard fine- to medium-grained
light-brownish-gray (5YR 6/1) cher-

ty sandstone columns that average
0.05-0.2 ft in diameter and 0.3 ft apart.
Sandstone poorly sorted, grains an-

gular to moderately rounded; chert
matrix mostly microerystalline; apa-

tite common as pellets (clear to dark

brown and dusty), fossil fragments,

rims on quartz grains, and sponge-
spicule fillings; chert grains common;
carbonate fairly common as rounded

grains and small secondary rhombs.

6. Mudstone: soft, fissile, dusky-yellow .6 39.1 65-47 1.8 78.5 .0005

(5Y 6/4); contains many crosscutting
columns of fine-grained pale-brown

(10YR 6/2) sandstone about 0.1 ft

in diameter that appear to project

into overlying bed Rt-7 and are
lithologically similar to those of bed

Ls-5.
Lower member of Shedhorn Sandstone:
L SR Sandstone: hard, cherty, fine- to 7 39.8 6447 2.6 86.7 .0005 .__.___.

medium-grained, brownish-gray
(5YR 4/1), locally calcareous; con-
tains many crosscutting chert col-
umns averaging 0.1 ft in diameter
and 0.5 ft apart and scattered fossils
(Lingula?) near top. Quartz grains
(50 percent) immersed in dusty
crypto- to mierocrystalline chert (35
percent) and commonly corroded by
chert; contains 5-10 percent chert(?)
grains and apatite as pellets, shell
fragments, rims on quartz grains,
and sponge-spicule fillings; siliceous
sponge spicules common in chert.
Irregular basal contact.

4. Sandstone: carbonatic, hard, medium- 9.5 I S
grained, poorly bedded, medium-
gray (N 5) to light-brownish-gray
(5YR 6/1); locally conglomeratic at
5.7 ft above base and in top foot.

-------- Sandstone: 1.0 ft fine- to medium- 1.5 5
grained hard yellowish-gray (5YR
7/2) quartzitic sandstone overlain by
0.5 ft medium-grained hard light-
brownish-gray (5YR 5/1) calcareous
sandstone containing many gastro-
pods and chert pebbles at top that
are as much as 1 in. across. Quartz
has abundant overgrowths on dusty-
rimmed grains, and caleite dust and
very small crystals are abundant at
old grains boundries and in matrix
between grains. Chert grains and
pellets and shell fragments common.
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Porcupine Creek, Mont., lot 1217—Continued
Chemical analyses (percent)

Uranium
Cumulative -
Thickness thickness Acid Radiometric Chemical
Bed ' Description (feet) (feet) Sample P30; insoluble € U
Lower member of Shedhorn Sandstone—
Continued
Le—2_ ________ Sandstone and chert: top and bottom 11. 4 62.2 . il ool il el

thirds composed of cherty sandstone;
middle third, sandy chert; all are
hard, thin- to thick-bedded; sand-
stone (65 percent) fine- to very fine
grained, yellowish-gray (5Y 7/2)
(darker upward), having chert ce-
ment, apatite pellets and sponge-
spicule fillings, and siliceous sponge
spicules; carbonate occurs as rounded
grains and very fine matrix; chert
irregularly bedded to concretionary,
light-gray (N 7). Basal contact
somewhat sheared.
Quadrant Formation, top bed: -
Q-1__._______ Sandstone: mostly medium-hard (locally 10. 0 L
hard) or friable, massive, fine-grained
yellowish-gray (2.5Y 8/1) to white
(N 9); irregularly cherty near top.
Quartzite near top nearly all quartz
and also minor tourmaline, titanite,
magnetite(?), and chert; quartz
subangular to well rounded and has
extensive overgrowths; one thin
layer has fine silty matrix. Chert
near top is both microcerystalline and
fairly coarse (<34 mm), and is partly
chalcedonic and coarsely flamboyant;
dust lines, more or less concentric to
nuclei of ecrystallization, outline
euhedral forms.

Jack Canyon, Mont., lot 1218

[Part of Phosphoria, Shedhorn, and Park City Formations sampled and described from cliff exposures and small hand trench about 900 ft above Creek on north side of J gwk
Creek Canyon in SE14NE sec. 35, T. 5 8., R. 1 E., Madison County, Mont., on overturned and faulted west limb of Madison Range syneline. Beds strike N. 60° E.
and dip 45° NW. Measured by R. W. Swanson and sampled by J. G. Evansin September 1947, Analyzed for uranium by U.S. Geol. Survey, and for other constituents
by U.S. Bur. of Mines. LOI, Loss on ignition]

Chemical analyses (percent)

Urenium
Cumulative —_—
Thickness  thickness . Acid Radio-  Chemical
Bed Description (feet) (feet) Sample Py0;  insoluble AlO3; Fe,03 LOI  metric eU U
Dinwoody Formation, basal
beds:
D-41____ Mudstone: soft, weak-yel- 6.0 6.0 ol .. ol Ml Ml e oo

lowish-orange (2.5Y 7/4)
to pale-brown (2.5Y 5/2),
thin- to thick-bedded;
contains thin layers of
fine-grained ripple-marked
sandstone and of apha-
nitic gray limestone.
40.. __ Sandstone: carbonatic, 1.6 76 L el - S
muddy, soft to medium-
hard, very fine grained,
light-brownish-gray (5 YR
6%1) ; weathers yellowish-
gray; contains 0.1 ft chert-
pebble conglomerate at
base and a few thin mud-
stone partings.
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Bed Description

Upper member of Shedhorn
Sandstone:

Sandstone: calcareous, con-
glomeratic, hard, thick-
bedded to massive, fine-
to medium-grained, light-
brownish-gray (5 YR 6/1);
pebbles are composed of
chert.

Sandstone: irregularly
bedded, medium-grained,
light-brownish-gray (5 YR
6/1); contains very light
gray (N 8) chert nodules;
irregular basal contact.

Sandstone: hard, medium-
grained, massive, light-
brownish-gray (5 YR 5/1);
locally cherty; contains 2
in. of flat-pebble lime-
stone conglomerate at 7.0
and 13.3 ft above base;
contains sandstone col-
ums in top 2 ft; irregular
basal contact.

Sandstone: medium-hard to
hard, thin-bedded to mas-
sive (thinner-bedded to-
ward top), medium-
grained, light-gray (N 7)
to light-brownish-gray
(5YR 6/1); contains flat-
pebble limestone con-
glomerate at base and
thin-bedded chert at top.
Irregular basal contact.
Overgrowths on quartz
grains include consider-
able amounts of micro-
crystalline rhombic car-
bonate at margins of old
grains or between present
grains; laminae of micro-
crystalline carbonate and
of chert present; chert
and carbonate do not
penetrate areas of quartz
overgrowths; numerous
apatite pellets present.

Chert and sandstone: 1.8
ft sandstone and chert at
top, underlain by 0.5 ft
limestone and chert, 4 ft
chert, and 2 ft moderately
well-bedded cherty quartz-
ite. Chert is hard, gen-
erally poorly bedded and
shattered, dark-gray
(N 3); sandstone is fine
grained, calcareous, me-
dium hard, brownish gray
(5YR 4/1); contains some
columnar sandstone con-
cretions (1-2 in. in diam-
eter) in the chert below

' the limestone. Irregular
basal contact.

Us-39.__

38_._

37__.

36___

35.__

403

Jack Canyon, Mont., lot 1218—Continued

Thickness
(feet)

5 2

3.0

181

12. 8

8. 4

Cumulative
thickness

(feet)

5.2

8.2

26. 3

39.1

47.5

Sample

RWS-107-47

106-47

105-47

104-47

Chemical analyses (percent)

Uranium
Acid Radio-  Chemical
P305 insoluble AlO3; FeO3 Lor metric eU U
0.8 684 1.6 26 122 0.0005 __.__
1.5 740 .5 1.3 9.7 0005 _.____
1.5 8L3 .5 19 6.5 0005 -_-_-
.8 850 .9 26 4,7 .0005 __._.
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Jack Canyon, Mont., lot 1218—Continued

Bed Description

Upper member of Shedhorn
Sandstone—Continued

Sandstone: hard, medium-
grained, light-brownish-
gray (5YR 5/1).

Sandstone: phosphatie,
hard, thin-bedded, medi-
um-grained, pale-brown
5 Y%Z 5/2) ; apatite chiefly
pelletal, but much in
matrix of some thin
layers; apatite shell frag-
ments and secondary
apatite present; over-
growths on most quartz
grains; apatite consti-
tutes about 20 percent of
bed.

Chert; sandy, hard, thin-
bedded to nodular, medi-
um-gray (N 5) to dark-
gray (N 3); top 3 in.
contains thin layers of
calcareous mudstone.

Sandstone: hard, medium-
grained, pale-brown (5YR
5/2); cherty at base.

Sandstone: hard, medium-
grained, light-brownish-
gray (5YR 5/1).

Chert: sandy, hard, thin-
bedded to nodular, medi-
um-gray (N 5) to dark-
gray (N 3); sand is fine.

Sandstone: hard, thick-
bedded, fine-grained,
pale-brown (YR 5/2);
somewhat cherty at top.

Sandstone: hard, fine- to
very fine grained, mostly
thick- but poorly, bedded,
light-brownish-gray (5YR
5/1); irregular basal con-
tact. Six ft above base
most quartz has over-
growths; apatite (5-10
percent) oceurs mostly as
pellets.

Tosi Chert Tongue of Phospho-
ria Formation; contains two
thin tongues of Retort Phos-
phatic Shale Member of
Phosphoria  Formation in
lower part:

Chert:  variably sandy,
hard, poorly bedded,
dark-gray (N 3); contains
irregular lenses of sand-
stone.

Sandstone: cherty, hard,
poorly bedded, fine- to
medium-grained,  pale-
brown (5YR 5/2); con-
tains apatite pellets.

Chert: hard, thin-bedded,
dark-gray (N 3).

Sandstone: cherty, hard,
fine-grained, pale- brown
(5YR 5/2).

Us-34___

33._.

32___

31___

30._.

20___

28___

27___

To-26___

25.__

24___
23 _.

Thickness

(feet)

0.9

1. 35

12

2.5

10. 5

9. 65

2.5

2.5

Cumulative
thickness

(feet)

48. 4

48. 9

50. 25

51. 45

53. 6

56. 1

66. 6

76. 25

78.75

81. 25

82. 15
82. 45

Semple

RWS-103-47

10247

101-47

100-47
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Chemical analyses (percent)

P05

1.8

14

13

Acid
insoluble AlO; TFes0s3 LOI
882 0.8 21 21
75. 3 .6 L1 9.0
89. 3 .9 1.3 1.8
88. 5 .9 35 2.0

Uranium

" Radio_ Chemical
U

metric eU



Bed

To-22___

21___

20_._ -

19___

18__.

Rt-17___

16.__
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Description

Tosi Chert Tongue of Phospho-
ria Formation; contains two
thin tongues of Retort Phos-

hatic Shale Member of
hosphoria Formation in

lower part—Continued

Chert: fissile to thin-bed-
ded, hard, dark-gray (N
3); contains 17 fissile
brownish-gray (5YR 4/1)
mudstone partings and
0.3 ft of thin-bedded
mudstone at base.

Chert: hard, thin- to thick-
bedded, dark-gray (N 3);
contains a few O0.1-ft
layers of fissile to thin-
bedded  brownish-gray
(YR 4/1) mudstone.
Contains considerable
amounts of very fine
sand and silt and many
siliceous and phosphatic
sponge spicules.

Chert: hard, thin-bedded,
dark-gray (N 3); contains
27 layers totaling 0.6 ft
of fissile to thin-bedded
dusky-brown mudstone.

‘Phosphorite: sandy, cherty,
coarsely pelletal, hard,
medium-dark-gray (N 4).
Apatite pellets in cherty
phosphate cement; qaurtz
nuelei common in pellets;
siliceous sponge spicules
common; chert has locally
replaced much apatite.

Chert and mudstone, inter-
bedded: fissile to thin-

bedded hard grayish-black -

chert (75 percent)inter-
bedded with soft to me-
dium-hard dusky-brown
(6YR 2/2) mudstone.

Phosphorite: cherty, hard,
coarsely oolitic and pel-
letal to coarsely nodular,
grayish-black (N 2). Ap-
atite mostly oolitic but
forms numerous pellets
and nodules, in a cherty
phosphate cement; pellets
form nueclei of many ooli-
tic grains; chert has ir-
regularly replaced much
of the matrix and the
oolites; contains siliceous
sponge spicules. Irregu-
lar basal contact.

Mudstone: carbonatic, me-
dium-hard, thin- to thick-
bedded, laminated, brown-
ish-gray (5YR 4/1). This
bed and 1.6 ft of under-
lying chert repeated by
near-bedding-plane fault.
Original sampled bed 3.25
ft thick; fault interpreta-
tion worked out after
sampling. Probable com-
position: P;05, 1.0; acid
insoluble, 49.04&; A1,0;
2.5; Fe,0s, 3.5; loss on
ignition, 21.5.

Jack Canyon, Mont., lot 1218—Continued

Thickness

(feet)

3.9

5.25

6.9

.17

2.4

.5

.9
(3.25)

Cumulative
thickness
(feet)

86. 35

98. 5

98. 67

101. 07

101. 57

102. 47

Chemical analyses (percent)

Uranium
Acid Radio- Chemical
Sample P05  insoluble AlO3; Fey03 Lor metric €U U

RWS-99-47 .6 850 31 51 30 0.0005 _____

98-47 1.3 831 1.8 43 4.1 . 00056 ____.

97-47 .9 845 32 55 2.9 .00 _____

96-47 18.9 440 1.3 2.9 2.2 L0044 _____

95-47 1.2 8L3 6.0 52 4.2 L0011 .

94-47 22.9 37.4 1.4 26 1.8 . 006  0.005

(1.0?) (49.00) (2.57) (3.57) (21.57)
. 78 36 41

93-47 8§ 6 11.9  .0005 __._.
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Bed

To-15.__

14___

13__.

Rt-12___

11___

10...

GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

Description

Tosi Chert Tongue of Phospho-

ria Formation; contains two
thin tongues of Retort: Phos-
phatic Shale Member of
Phosphoria Formation in
lower part—Continued
Chert: fissile tothin-bedded,
brittle, brownish-black
(YR 2/1); contains 15
layers totaling 0.4 ft of
fissile brownish-black
mudstone; somewhat
thicker-bedded and less
mudstone upward. Gra-
dational basal contact.
Chert: fissiletothin-bedded,
brittle, medium-dark-gray
(N 4), contains 15 layers
totaling 0.5 ft of fissile
dusky-brown mudstone
and 0.1 ft mudstone bed
2.4 ft above base. Gra-
dational basal contact.
Chert: fissiletothin-bedded,
brittle, dark-gray (N 3);
contains 0.3 ft (15 layers)
of fissile dusky-brown
(6YR 2/2) mudstone.

Retort Phosphatic Shale Tongue

of Phosphoria Formation:

Phosphorite: soft, friable,
poorly bedded, coarsely
oolitie, dusky-brown
(5YR 2/2).

Carbonate rock: muddy,
soft, grayish-brown (5YR
3/2). Underlain by 4-ft
andesite porphyry sill
having a plane, transect-
ing contact.

Sandstone and phosphorite:
0.4 ft sandy medium- to
coarsely oolitic and pel-
letal dark-gray (N 3)
phosphorite gradationally
underlain by a 0.4 ft
hard, fine-grained brown-
ish-gray (5YR 4/1) sand-
stone.  Apatite oolites
and pellets occur in and
are dominated by darker
brown phosphatic ma-
trix; subangular quartz
particularly common in
some layers; some re-
placement of quartz by
apatite. Subrounded
quartz grains of the sand-
stone have abundant
overgrowths; apatite (12
percent) occurs chiefly as
pellets and as matrix,
much of which is recrys-
tallized and colorless;
chert grains common.
Irregular basal contact.

Jack Canyon, Moni., lot 1218—Continued

Thickness

(feet)

4. 05

4.6

4.4

1L 15

0.8

Cumulative
thickness

(feet)

106. 52

111. 12

115. 52

116. 67

117. 07

117. 87

Sample

RWS-92-47

91-47

90-47

89-47

88-47

85-47

Chemical analyses (percent)

P:0;

0.6

28. 8

12. 7

Acid
insoluble Al;03 Fe O3

87.3

86. 9

87.5

19. 0

24.9

61. 3

47 47
45 49
43 41
1.4 19
47 2.3
L9 3.0

LoI

2. 4

2.5

4.5

32.6

1.7

Uranium

metric eU

. 001

. 010

. 001

. 004

. 009

. 004



Bed

Ls-9.____

8 .-

7.

6___.

5.__.

4____

STRATIGRAPHY AND PETROLOGY, PERMIAN ROCKS OF SOUTHWESTERN MONTANA

Description
Lower member of Shedhorn
Sandstone:
Sandstone:  hard, fine-

grained, thin-bedded to
massive, light-brownish-
gray, irregular basal con-
tact.

Sandstone: hard, thin- to
thick-bedded, fine- to me-
dium-grained, light-
brownish-gray (5YR 5/
1); top 0.7 ft thin-bedded
and cherty.

Sandstone and chert: 1.9 ft,
hard fine-grained thick-
bedded light-brownish-
gray (5 YR 5/1) sandstone
having 0.3 ft thick layers
of hard brittle fissile to
thin-bedded chert 0.8 ft
above base and at top of
bed.

Conglomerate: 0.5 ft hard
medium-gray (N 5) to
light-brownish-gray (5YR
5/1) chert-pebble con-
glomerate overlain by -
in. layers of mudstone
and chert. Sandstone in
conglomerate bed mostly
medium grained; pebbles
as much as 40 mm across.
Irregular basal contact.

Mudstone and sandstone:
0.3 ft muddy, calcareous
medium-hard fine-
grained medium-gray (N
5) sandstone overlain by
1.0 ft of soft caleareous,
sandy light-brown (5YR
6/4) to dusky-yellow (Y
6/4) mudstone. Abun-
dant but incomplete
quartz overgrowths on
grains in sandstone; some
are oscillatory, having
good crystal outlines; sec-
ondary calcite fills re-
maining interstices.
Contains chert grains and
some apatite pellets.
Gradational basal con-
tact.

Sandstone: hard, fine-
grained, poorly bedded,
locally cherty or calcar-
eous, medium-gray (N 5)
to  light-brownish-gray
(5YR 5/1). Quartz grains
have abundant over-
growths that have good
erystal outlines; second-
ary calcite in interstices;
contains nearly 20 per-
cent chert grains and
numerous dusty apatite
pellets; overgrowths on
some carbonate grains.

Jack Canyon, Mont., lot 1218—Continued

Thickness
(feet)

4.6

3.95

2.5

1.3

2.2

Cumulative
thickness
(feet)

122. 47

126. 42

128. 92

129. 52

130. 82

407

Chemical analyses (percent)

Acid

Sample P:05 insoluble
RWS-84-47 1.3 90.7
83-47 .8 92.1
82-47 .7 942
81-47 2.4 73.8
80-47 .7 70.4

AlsO3  Fe:O3
.5 1.8
7 1.4
1.0 1.9
2.8 3.1
6. 5 3.2

Uranium

Radio-  Chemical

LorI metric €U U
2.4 0.0005 ____.
1.9 . 0005 __.__
8 .0005 ____.
7.3 .00 ___..
9.6 .001  ____.
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Bed

GEOLOGY OF PERMIAN ROCKS

Jack Canyon, Mont., lot 1218—Continued

Cumulative
Thickness  thickness
Description (feet) (feet)

Lower member of Shedhorn

LS-3.-_.

Sandstone—Continued
Chert and sandstone: me- 11.5 144, 52

dium to poorly bedded
hard light-gray sandy
chert containing inter-
beds and lenses of very
fine grained -calcareous
sandstone and a few small
lenses of sandy carbonate
rock. Chert and earbon-
ate are microcrystalline
and contain considerable
amounts of fine-grained
quartz sand and about 5
percent apatite as pellets
and sponge-spicule canal
fillings; chert contains
abundant siliceous sponge
spicules. Unit much
shattered and not well
exposed.

Fransen Tongue of Park City

Formation:
Carbonate rock and chert: 11.0 155. 52

thin- to medium-bedded
hard medium-light-gray
carbonate roek contain-
ing numerous thin inter-
beds, denses, and some
nodules of chert; some
cherty, quartzitic sand-
stone layers up to 0.4 ft
thick.

Dolomite: sandy, cherty, 8.0 163.52

poorly bedded to massive,
hackly weathering, light-
brownish-gray (5YR 6/1).
Dolomite microerystal-
line; sand is very fine
angular quartz; contains
numerous apatite pellets
and sponge-spicule fill-
ings.

Dalys Spur, Mont., lots 1222 and 1223

[Permian rocks measured and sampled near Dalys Spur, west side of Beaverhead River, T. 8 8., R. 10 W., Beaverhead County, Mont.

IN THE WESTERN PHOSPHATE FIELD

Sample

Chemical analyses (percent)

Uranium

Radio-  Chemical
Lor metric eU U

Retort Phosphatic Shale Member

of Phosphoria Formation (lot 1222) measured in hand trench, NW1SW14 sec. 36; rest of section (lot 1223) measured in hand trench and natural exposures, SW14SW14

sec. 36, T. 8 8.,

Description

Dinwoody-Shedhorn contaet concealed by
basalt flow; approximately 20 ft of Per-
mian rocks are covered.

Upper tongue of Shedhorn Sandstone; con-
tains several thin tongues of Tosi Chert

Member of Phosphoria Formation:

Sandstone: hard, medium-gray (N 5),
thick-bedded, fine-grained; contains
scattered chert lenses that occur be-
tween sandstone beds; contains glau-
conite.

Chert: hard, brittle, medium-gray
(N 5), thick-bedded; contains glau-
conite.

Sandstone: hard, medium-gray (N 5),
thick-bedded, fine-grained; contains
glauconite.

Chert: hard, gray (NV 5), thick-bedded .

Sandstone: cherty, hard medium-gray
(N 5), thick-bedded, ﬁne-gramed

Mo
ow

R. 10 W. Beds strike north to N. 30° E. and dip 30°-40° W. Section measured by W. R. Lowell and s
E.T. Rnpple, inJ uly 1947. Analyzed for P:0;, F, and acid msoluble by U.S. Bur. of Mines and for uranium by U.S.

Cumula-
tive thick-
ness (feet)

43.7 WRL-286-47

56. 2

60. 2

64.0

pled by D. A. Bostwick, R. L. Parker, and

Chemical analyses (percent)

Uranium
Radio- Chemgical
F metric eU U

——-- 0.001 0. 000

———-  .001 . 000

—ee- 001 . 000
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Dalys Spur, Mont., lots 1222 and 1223—Continued
Chemical analyses (percent)

Uranium
Thick- Cumula-
ness  tive thick- Acid in- Radio- Chemical
Bed Description (feet)  mess (feet) Sample P305  soluble F metric eU
Tosi Chert Member of Phosphoria Forma-
tion:
To-92.______ Chert: hard, light-olive-gray (5Y 6/1), 20.4 86.4 WRIL-283-47 1.5 90.1 ____ 0.001 0. 000

thiek-bedded; contains glauconite;
grades from bed below. :

91 _____. Chert: hard, light-gray (N 7), thick- 22.3 108.7 282-47 1.6 89.6 ____ .0005 . 000
bedded; contains glauconite; grades
from bed below.

90 _____ Chert: sandy, hard, light-gray (N 7), 7.4 116.1 281-47 2.5 87.3 _._. .001 . 000
thick-bedded; contains glauconite;
sand is very fine,

89 .. ____ Chert: silty, hard, light-gray (N 7), 14.7 130.8 280-47 1.7 89.1 ____ .0005 . 000
thick-bedded; contains glauconite.

88 .. Mudstone: gypsiferous, soft and me- .5 131.3 279-47 2.2 78.3 ___. .001 . 000
dium-hard, medjum-gray (N 5),
fissile.

87 .. Chert: hard, medium-gray (N 5), thick- 3.6 134.9 278-47 2.6 8.3 ___. .001 . 000

bedded; contains glauconite; con-
tains skeletal apatite in lower part;
contains gypsum in fractures; grades
from bed below.
86____.__ Chert: phosphatic, hard, medium- 1.2 136.1 277-47 16.6 50.6 ____ .003 . 001
gray (N 5), thick-bedded; apatite
is skeletal and finely pelletal; con-
tains  flauconite. Fossil-collection
numbers 9797, 9799.
Retort Phosphatic Shale Member of Phos-
phoria Formation:
Rt-85.______ Mudstone: medium-hard, light-gray 1.0 137.1 45-47 3.5 80.0 _... .003 . 000
(N 7) and medium-gray (N 5);
grades from bed below.
84 ______ Mudstone: hard, medium—light-graﬁ 1.3 138.4 44-47 3.2 785 ____ .002 . 000
(N 7) and light-brownish-gray (5Y.
6/1), thin-bedded; grades from bed

below.

83 .- Mudstone: medium-hard, grayish- 1.4 139.8 43-47 1.8 66.7 ____ .002 . 001
black (N 2), fissile.

82 . __. Phosphorite: muddy, medium-hard, .8 140.6 42-47 25.3 30.1 2.44 .007 . 009

weak-orange-pink (5YR 8/2), thick-
bedded, medium pelletal.

81__._.___ Mudstone: phosphatic, black (N 1), .7 141.3 41-47 13.7 51.1 1.17 .004 . 002
thin-bedded.
80. ... Phosphorite: muddy, medium-hard, .3 141.6 40-47 28.6 22.2 _.._ .008 . 007

light-brown (5YR 6/4) and moderate-
brown (5YR 4/4), thick bedded,
finely pelletal.
79 . ___ Mudstone: phosphatic, medium-hard, 1.2 142. 8 39-47 17.0 45.1 ___. .016 . 005
moderate-brown (5YR 4/4), very
finely pelletal; bed is brecciated;
grades from bed below.
78 .- Phosphorite and mudstone, inter- 1.5 144.3 38-47 22.1 32.8 ___. .007 . 007
bedded: medium-hard moderate-
brown (5YR 4/4) thin-bedded phos-
phorite interbedded with medium-
hard moderate-brown (5YR 4/4)
thin-bedded phosphatic mudstone;
apatite is finely to coarsely pelletal.
i Mudstone: medium-hard, black (N 1), .9 145.2 37-47 6.1 45.5 ____ .004 e
fissile; gypsum coats fracture and
bedding surfaces.
T6- .- Phosporite: muddy, medium-hard, .6 145.8 36-47 22.2 32.0 ... .010 . 010
light-brown (5YR 6/4), thin-bedded,
gei‘y finely pelletal; grades from bed
elow.
75 . Mudstone: phosphatic, medium-hard, .5 146.3 35-47 10.1 53.8 ____. .006 . 004
light-brown (5YR 6/4) to moderate-
brown (5YR 4/4), thin-bedded.
T4 . Mudstone: medium-hard, moderate- .4 148.7 3447 4.8 71.5 .41 .004 @ ______
brown (5YR 4/4), very thick bedded.



410 GEOLOGY OF PERMIAN ROCKS IN THE WESTERN PHOSPHATE FIELD

Dalys Spur, Mont., lots 1222 and 1223—Continued

Thick-
ness
Bed Description (feet)
Retort Phosphatic Shale Member of Phos-
phoria Formation—Continued
Rt-73_______ Phosphorite: muddy, medium-hard, 0.4
black (N 1), thick-bedded, very finely
to coarsely pelletal; contains 0.01 ft
thick seam of gypsum in middle.

72 ______ Mudstone: medium-hard, black (N 1), .3
thin-bedded; contains 0.1 ft thick
seam of gypsum at top; grades from
bed below.

71 . __ Phosphorite: crumbly, light-brown .3
(YR 6/4) to moderate-brown (5Y R
4/4), thin-bedded, very finely pel-
letal; grades vertically and laterally
into mudstone lenses; gypsum coats
fractured surfaces.

70 _____. Mudstone: medium-hard, black (¥ 1), 4.0
thin-bedded; gypsum coats fractures;
grades from bed below. Fossil-colln.

No. 9796.

69_______ Mudstone: medium-hard, black (N 1), 5.0
fissile and thin-bedded; contains gyp-
sum in fractures; grades from bed
below.

68 ___.__ Mudstone: medium-hard, black (N 1), .8
thin-bedded; grades from bed below.
Fossil-colln. No. 9795.

67_______ Mudstone: medium-hard, black (N 1), 2.1
fissile; grades from bed below. Fos-
sil-colln. No. 9794.

66_______ Mudstone: hard, black (N 1), fissileand 1.6
thin-bedded; grades from bed below.
Fossil-colln. No. 9793.

65 ______ Mudstone: medium-hard, black (N 1), 2.7
fissile; grades from bed below. Fos-
sil-colln. No. 9792.

64 ______ Mudstone: hard, dark-gray (N 3), thin- 1.2
bedded; grades from bed below.

63_______ Mudstone: hard, dark-gray (N 3), thin- 1.2
bedded; grades from bed below.

62_______ Mudstone: hard, black (N 1), thin- L6

bedded; grades from bed below. Fos-
sil-colln. No. 9791.

61_______ Mudstone: medium-hard, moderate- .8

brown (5Y R 4/4), thin-bedded ; grades
. from bed kelow.

60_______ Mudstone: medium-hard, grayish-black 1.7
(N 2), thin-bedded; grades from bed
below. Fossil-colln. No. 9790.

59 ______ Mudstone: medium-hard, grayish-black 1. 2
(N 2), thin-bedded; irregular contact
with bed below. Fossil-colln. No.

9789.

58 ______ Phosphorite: hard, dark-gray (N 3), .3
thick-bedded; finely pelletal and
nodular; irregular contact with bed
below.

57 . Mudstone: hard, black (N 1), thin- .8
bedded; contains gypsum on frac-
tured surfaces.

56_______ Phosphorite: hard, dark-gray (N 3), 1.2
very thick bedded; medium pelletal.
55 ____ Mudstone: medium-hard, dark-gray 1.4

(N 3), fissile and thick-bedded; con-

tains seams and lenses of gypsum in
fractures and on bedding surfaces;
grades from bed below. Fossil colln.

No. 9787.

54 . Phosphorite: muddy, medium-hard, 1.7

dark-gray (N 3), thin-bedded, very

finely pelletal; contains gypsum

seams in fractures.

Cumula-
tive thick-
ness ( feet)

147.

147.

147.

151.

156.

157.

159.

161.

163.

165.
166.
167.

168.

170.

171.

171

172.

173.
175.

177.

1

~1

Chemical analyses (percent)

Sample P:0s

WRL-33-47 22.

32-47 2.

31-47 19.

30-47 4.

29-47 2.

28-47 2.
27-47

26-47 1.
25-47 2.
24-47 1.
23-47 0.
22-47 1.
21-47 1
20-47 1.
19-47 2.
18-47 27.
17-47 4
16-47 33.
15-47 6.
14-47 22

Acid in-
soluble F

23.

55.

33.

42.

49.

61.

65.

67.

63.

65.
63.
35.

69.

71.

50.

19.

60.

52.

24.

5 ____

6 ____

9 .-

3 -

5 ...
6 ____
0 __..

4 ____

6 ___-

62 _.__

Uranium

Radio-
metric eU

0. 010

. 003

. 009

. 003

. 004

. 003

. 002

. 003

. 003

. 002
. 002

. 002

. 002

. 004

. 007

. 003

. 007
. 005

. 007

Chemical
U

0. 008

. 005

. 002

. 007
. 003

. 005
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Dalys Spur, Mont., lots 1222 and 1223—Continued

Thick-
ness
Bed Description (feet)
Retort Phosphatic Shale Member of Phos-
phoria Formation—Continued
Rt-53__._____ Dolomite: hard, olive-gray (5Y 4/1), .9
thick-bedded.
52______. Mudstone: phosphatic, medium-hard, .8

grayish-black (N 2), thin-bedded;
apatite is finely pelletal.

51...____ Phosphorite: medium-hard, brownish- .3
black (10YR 2/1), thick-bedded, very
finely pelletal and nodular.

50.___.___ Mudstone: soft, light-brown (§YR 6/4), .2
thin-bedded.
49 . _____ Phosphorite: hard, light-brownish-gray .3

(5YR 6/1), thin-bedded, very finely
pelletal; grades from bed below.

48 . Mudstone: hard, brownish-gray (5YR .6
4/1), thin-bedded; grades from bed
below.

47 .. Phosphorite: hard, light-brownish-gray .4
(6YR 6/1), thin-bedded; very finely
pelletal.

46 ______ Phosphorite: muddy, medium-hard, 1.3
light-gray (N 7), thick-bedded, very
finely pelletal; upper 0.3 ft is
crumbly.

45 ______ Mudstone: medium-hard, light-gray .5
(N 7), thick-bedded; contains a few
phosphorite nodules at center and at

top.

4 Phosphorite: hard, medium-gray (N 5), .2
thick-bedded, very finely pelletal.

43______. Mudstone: hard, light-olive-gray (5Y .3
5/2), thick-bedded.

42 . Phosphorite: hard, medium-gray (N 5), .6
thick-bedded, very finely pelletal.

41 .. ____ Mudstone: hard, light-olive-gray (5Y .4
5,2), thick-bedded.

40 ___ Mudstone: medium-hard, light-olive- 1.0

gray (5Y 6/1), thick-bedded; con-
tains a few phosphorite nodules 0.3
ft below top of bed.
39._ .. __. Phosphorite:  muddy, medium-hard, 1.6
medium-gray (N 5), thin-bedded,
very finely pelletal; contains thin
gypsum seam 0.6 ft below top;
grades from bed below.
_______ Phosphorite: muddy, medium-hard, 1.4
light-gray (N 6), finely pelletal; con-
tains several thin seams of gypsum.
37 . Mudstone: medium-hard, light-brownish- .9
gray (5YR 6/1), thin-bedded; con-
tains gypsum.
36._.____ Mudstone: phosphatic, medium-hard, .8
very light 1%raty (N 8), thick-bedded.

35 __. Mudstone: phosphatic, hard, medium- 1.2
light-gray (N 7), thin-bedded; may
be sandy. .

34 ______ Phosphorite: sandy, hard, medium- 1.1

gray (N 5), very thick bedded; con-
tains glauconite and skeletal apatite
fragments; grades from bed below.
Franson Tongue of Park City Formation:
F-33_______ Sandstone: phosphatic, hard, medium- 1.1
gray (N 5), fine-grained; contains
glauconite and phosphatic skeletal
fragments.
_______ Sandstone: cherty, hard, light-gray (N 1.6
7), very thick bedded, fine-grained.
31______. Chert: hard, light-gray (N 7), thick- 1.1
bedded.

Cumula-
tive thick-
ness (feet)

177.
178.

179.

179.
179.

180.

180.

181.

182.

182.
182.
183.
183.
184.

186.

187.

188.

189.
190.

191.

192.

194.
195.

9
7

0

. 00 B o O

Sample

WRIL-13-47
12-47

11-47

10-47

9-47

847

7-47

6-47

5-47

4-47

3-47

2-47
1-47

276-47

275-47

Chemical analyses (percent)

411

P05

3.9
10.0

22.8

24. 4

14. 7

5.3

17. 2

20.3

8.8

3.3
13. 8

15.1

3.9

Acid in-
soluble

18.
49,

21.

48.

68.

48.

71.

36.

27.

62.

75.

45.

6
1

F

2. 48

1. 28

. 68

1.33

1. 39

Uranium
Radio- Chemical
metric eU U
0.001 _______
.004 . ___.
. 005 . 003
.004 .. .
. 005 . 005
. 001 . 000
. 005 . 003
. 002 . 003
. 005 . 003
. 005 . 003
. 004 . 003
. 003 . 007
. 005 . 003
. 003 . 003
. 001 . 001
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Dalys Spur, Mont., lots 1222 and 1223—Continued

Bed - Description

Franson Tongue of Park City Forma-
tion—Continued

F-30._______ Sandstone: calcareous, hard, light-gray
(N 7), very thick bedded, fine-
grained.

29 _______ Sandstone: hard, light-gray (N 7),

thick-bedded, fine-grained; grades
from bed below.

28 . Chert: hard, light-gray (N 7), thick-
bedded.

27 .. Siltstone: cherty(?), light-gray (N 7),
thick-bedded; grades from bed below.

26________ Sandstone: cherty(?), light-gray (N 7),

thick-bedded, fine-grained; grades
from bed below.

25 .. ____ Chert:sandy, hard, medium-gray (N 5),
very thick bedded.
24 ____ Sandstone: hard, light-gray (N 7), very

thick bedded, fine-grained; grades
from bed below.

23 . Sandstone: medium-hard, light-gray
(N 7), very thick bedded, fine-
grained; contains chert nodules in

upper 6.7 ft.
Rex Chert Member of Phosphoria Forma-
tion:
R-22________ Chert: sandy, medium-hard, very light
gray (N 8), thick-bedded.
21 . ___ Sandstone: medium-hard, light-gray

(N 7),thick-bedded, very fine g ained;
contains glauconite and phosphatic
skeletal fragments.

20 _. Chert: hard; contains glauconite_._____

19 .. _. Sandstone: hard, medium-gray (N 6),
thick-bedded, fine-grained; contains
glauconite.

Meade Peak Phosphatic Shale Member of
Phosphoria Formation:
M-18_______ Siltstone: sandy(?), hard, light-gray
(N 7), thin-bedded; uppermost 1.0 ft
contains some very fine apatite pel-

lets.

17_______ Mudstone: hard, light-brownish-gray
(5YR 6/1), thin-bedded.

16 ______ Phosphorite: soft and crumbly, very

light gray (N 8), thick-bedded, finely
to coarsely pelletal.

15 .. Mudstone: medium-hard, light-olive-
gray (5Y 6/1), thin-bedded. Fossil-
colln. No. 9798.

4 Phosphorite: soft and crumbly, light-
gray (N 7) and reddish-gray, thin-
bedded; finely oolitic and pelletal;
contains phosphatic skeletal frag-
ments.

Thick-
ness

(feet)

8.7

11.0

10.0

Cumula-
tive thick-
ness (feet)

204. 3

215. 3

224. 3
231. 5
238. 8

241. 6
249. 0

258. 2

268. 2

269. 2

275. 2
281. 3

284. 4

285. 2
285. 6

Chemical analyses (percent)

Semple P:0s

WRL-274-47 0.8

273-47 1.3
272-47 .2
271-47 .5
270-47 1.3
269-47 2.5
268-47 5.4
267-47 1.9
266-47 1.1
265-47 6.7
264-47 6.0
263-47 35.7
262-47 4.5
261-47 36. 4

Acid in-
soluble

46.9

90. 8

95. 1

92. 8

91. 3
78. 2

80.0

87.6

92.5

67.0

69. 6

76. 5

F

0.71

. 68

3. 56

3. 57

Uranium

_Radio- Chemical
metric eU U

0. 001 0. 000
. 0005 000
. 001 . 000
. 001 . 000
. 001 . 000
. 001 . 000
. 005 . 003
. 003 . 001
. 011 . 010
. 003 . 001
. 009 . 008
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Dalys Spur, Mont., lots 1222 and 1223—Continued

Chemical analyses (percent)

Uranium
Thick- Cumula- . e ——
ness  tive thick- Acidin- Radio- Chemical
Bed Description (feet) mess (feet) Sample P05  soluble F metric €U U
Grandeur Tongue of Park City Formation:
Gr-13_______ Sandstone: medium-hard, yellowish- 2.4 289.0 WRL-260-4 4.4 8.4 ____ 0.001 0. 001
gray (8Y 7/2), thick-bedded, fine-
grained.
12__ ... Clay: soft, very light gray (¥ 8)_____ .8 280.8
11 . Sandstone: medium-hard, light-gray 2.5 292.3 259-47 5 82.0 ... .002 000

(N T7), thick-bedded, fine-grained;
grades from bed below.

100 ____ Sandstone: cherty, medium-hard, very 1.4 293.7 258-47 .8 90.5 ____ .001 . 000
light gray (N 8), thick-bedded; unit
is brecciated.

9 _____. Siltstone: cherty, sandy, soft to me- 2.0 2957

dium-hard, grayish-yellow (5Y 8/4),
thick-bedded.

8 - Siltstone: soft to medium-hard, gray- 1.0 296.7
ish-yellow (5Y 8/4), thick-bedded. 257-47 .6 80.0 ____ .002 . 000
T Siltstone: calcareous, sandy, soft to 1.2 297.9

medium-hard, grayish-yellow (56Y
8/4), thick-bedded; grades from bed
below.
6 __.._ Sandstone: calcareous, silty, medium- 3.0 300.9 256-47 .1 .76.6 ____ .001 . 000
hard, light-gray (N 7), thick-bedded,
very fine grained.
5 . Dolomite: medium-hard, very light 2.8 303.7 255-47 .2 189 ____ .0005 . 000
gray (NN 8), aphanitic; contains nu-
merous black medium-grained pel-
lets (manganese-oxide?) ; grades from

bed below.

4__ . Siltstone: sandy, medium-hard, yel- .7 304. 4 254-47 .5 79.3 __.__ .002 . 000
lowish-gray (5Y 7/2), thin-bedded.

F S Dolomite: medium-hard, yellowish- 3.5 307.9 253-47 .0 2.6 ____ .0005 . 000

gray (5Y 7/2), very thick bedded;
contains pellets similar to those
found in bed G-5.

2. . Mudstone: soft, pinkish-gray, thin- 1.5 309. 4 252-47 .4 80.6 ____. .002 . 000
bedded.
| Dolomite: hard, yellowish-gray (5Y 6.7 316.1 251-47 .3 L9 _.__ .0005 . 000

7/2), very thick bedded. Underlain
by sandstone of Quadrant Forma-
tion. '

709-931 0—63——10
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